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 Chapter 1 
Iron Complexes in Oxidative DNA Cleavage 
 
An introduction to oxidative DNA cleavage by natural and synthetic iron complexes 
































1.1 Anti-cancer drugs targeting DNA replication 
Cancer, the uncontrolled growth of cells, is one of major causes of death all over the 
world.
1
 The past century has demonstrated that cancer can be effectively treated with 
surgery, chemotherapy, and radiotherapy, which can significantly impact tumor 
growth and even produce cures when they are used either alone or in combination. 
The first example of the cancer chemotherapeutics, mustine (Figure 1), appeared in 
the 1940s.
2,3
 It was capable of efficient alkylation of DNA bases and thus resulted in 
death of cancer cells.
4
 The success of this early chemotherapeutic led to the 
development of a large number of chemotherapeutics that target DNA replication.
5-8
 
Many of them interfere with DNA replication by attacking DNA directly or 
inhibiting DNA topoisomerases, which are critical for DNA replication because of 
their ability to unwind DNA and relieve superhelical stress in DNA.
9,10
 Examples of 
these chemotherapeutics include cisplatin, doxorubicin and bleomycins. (Figure 1) 
 
Figure 1 Structures of mustine, cisplatin, doxorubicin and bleomycins. 
Cisplatin was first described in 1844
11
 and is currently still one of the most widely 
used anticancer drugs.
12-16
 After the discovery of its anticancer activity in 1960s,
17-19
 
its clinical success led to the reports of thousands of platinum compounds, although 
only few have entered clinical use, e.g. carboplatin.
12-16
 Cisplatin is believed to kill 
cancer cells by cross-linking DNA bases, forming mainly the Guanine-Guanine and 
Guanine-Adenine adduct on the same DNA strand and thus interferes with the 
mobility of DNA polymerases.
20,21
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Doxorubicin, a member of the anthracycline family, was isolated from 
Streptomyces peucetius in 1950s
22,23
 and is known to prevent cancer cell growth by 
intercalating into DNA and then inhibiting the progression of topoisomerase II, 
which relaxes supercoils in DNA for transcription.
9,10,24,25
 Doxorubicin stabilizes the 
topoisomerase II complex after it breaks the DNA chain for replication, which 




Bleomycins (BLM) are a family of natural antibiotics produced by Streptomyces 
verticillus.
26
 They were first reported in 1966
26
 and work as anticancer agents by 
cleaving DNA strands oxidatively.
27,28
 This thesis is about studies towards the 
synthetic mimics of BLM. 
1.2 Oxidative DNA cleaving agent BLM 
Hamao Umezawa and co-workers discovered the anticancer activity of BLM while 
screening culture filtrates of Streptomyces verticullus in the 1960s.
26
 To date, BLM is 
among the best studied DNA cleaving antibiotics although it is still not fully 
understood in terms of function and mechanism.
27-29 
They are widely used in 
combination with a number of other agents for the clinical treatment of certain 
cancers, e.g. cancers of the cervix, head, neck and testicles.
27-31
 BLM was first 
isolated as the copper complex but later were administrated to patients in a metal free 
form, in order to minimize irritation at the site of injection.
27,29
 Among this class of 
over 200 structurally related compounds, the administered form of BLM, Blenoxane, 
mainly consists of bleomycins A2 and B2 (Figure 2).
27-30
 
BLM prevents the growth of cancer cells by mediating the selective oxidative 
cleavage of DNA
27-30
 and possibly also RNA
27,28,32
 in the presence of cellular metal 
ions and oxygen. Among the metallobleomycins, the highest activity in vitro is found 
for Fe(II)-BLM.
27,28,30,33
 With the same level of antitumor activity, the in vivo toxicity 
of Fe-BLM is significantly less than Cu-BLM, Zn-BLM and native BLM at 
therapeutically effective concentrations.
34
 This is the reason for our studies being 
focused on iron.  
1.2.1 Oxidative DNA cleavage 
In general, DNA cleavage can be mainly divided into 3 types of processes, namely (i) 
DNA hydrolysis, (ii) DNA photo cleavage, and (iii) oxidative DNA cleavage. The 
last two categories are closely related, both involving reactive oxygen species (ROS) 
as intermediates.
35-41
 The focus of the present thesis is on oxidative DNA cleavage. 
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One of the fundamental differences between DNA hydrolysis and oxidative DNA 
cleavage is the different products formed in the DNA cleavage process.
42-46
 By 
detecting the products using DNA gel electrophoresis, a hydrolytic and an oxidative 
DNA cleavage process can be distinguished. (See section 1.4) 
In oxidative DNA cleavage, the reactive intermediates (often oxygen based 
intermediates) are generally generated by redox active metal complexes.
39,41
 These 
intermediates interact with the sugar moiety or with nucleobases and result in direct 
DNA strand cleavage or the formation of labile sites in the DNA (See section 1.2.3 
and 1.3).
35,36,39,41
 The oxidative DNA cleavage induced by BLM involves both single- 
and double-strand DNA cleavage, with the latter thought to be the major contributor 
to the cytotoxicity, since the repairing of single-strand DNA cuts by the cellular 
repair mechanism is much more efficient than double-strand DNA cuts.
31,47
 
Double-strand DNA cleavage is the result of two successive strand scissions on 
opposite DNA strands in proximity to each other,
48
 which is described in detail in 
section 2.1.  
1.2.2 Structure of BLM 
The structure of BLM was determined following chemical degradation, e.g. by 
hydrolysis of the amides in BLM. The hydrolysis products were prepared by 
chemical synthesis as building blocks of BLM. By using such a methodology, the 
first examples of total syntheses of BLM were reported in 1982 independently by the 
Umezawa and Hecht laboratories.
49
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Figure 2 Structures of bleomycins. 
The structure of BLM can be divided into four parts, i.e. the metal binding domain, 
the sugar moiety, the peptide linker and the DNA binding moiety, as shown in Figure 
2. The metal binding domain is the region where the activation of oxygen occurs. It 
provides five nitrogen donor atoms, which are bold and underlined in Figure 2, for 
binding one metal center. The iron binding of BLM is shown in Figure 3. The 
nitrogen atom of the secondary amine, the pyrimidine, the amide and the imidazole 
were proposed to be the four equatorial ligands for iron binding. The primary amine 
of the β-aminoalanine was proposed to be the fifth axial ligand. This proposed 

















Figure 3 Proposed iron binding of BLM. 
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Based on the results of NMR studies and the investigation of the structure and 
activity of BLM analogues, it was suggested that the DNA binding domain 
containing a bisthiazole moiety enhances the interaction between BLM and DNA via 
intercalation
75
 and (or) groove binding.
76
 The recently published crystal structure of 
DNA bound Co(III)-BLM B2 confirmed the intercalation of the bisthiazole moiety 
between DNA base pairs.
77
 
The linker region is positively charged in aqueous solution at physiological pH and 
thus a further increase in the interaction between BLM and the DNA phosphate 
backbone is achieved via coulombic attraction. It has been reported that the removal 
of the peptide linker from BLM resulted in a significant decrease in the DNA 
cleavage activity.
78,79
 Moreover, small changes in this linker region resulted in 





Figure 4 The ‘ring-flip’ mechanism for direct double-strand DNA cleavage by BLM, 
proposed by Stubbe and co-workers.31,80 The metal binding domain moves from one strand to 
the other. Adapted with permission from ref 31; copyright 2005, Macmillan Publishers Ltd. 
The DNA binding domain and the peptide linker were proposed to be involved in 
the direct double-strand DNA cleavage by BLM. NMR studies of DNA and 
BLM-Co(III)-OOH showed that the metal binding domain was transferred from one 
DNA strand to the other via a 180° rotation around the bisthiazole axis, followed by a 
117° rotation around the axis perpendicular to the bisthiazole moiety.
80
 Based on this, 
a widely accepted ring-flip mechanism was proposed as shown in Figure 4. After 
inducing one cut on one DNA strand, the metal binding domain flips to another 
position close to the original cleaving position on the other DNA strand.
31
 
The disaccharide moiety is the least understood of the BLM functional domains. It 





 cell permeability and recognition.
83
 This disaccharide moiety was also 
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proposed to function as a protective pocket for the oxygen activation in metal 
binding domain.
84,85
 However, more evidence is needed to confirm these hypotheses. 
1.2.3 Mechanism of oxidative DNA cleavage by BLM 
Fe(II)-BLM is able to abstract a hydrogen from the C4’-position of the deoxyribose 
sugar of DNA.
86,87
 The resulted C4’-radical species reacts with molecular oxygen 
under aerobic conditions. After reduction, a Criegee rearrangement leads to the 
formation of a 3’-phosphoglycolate, base propenal and a 5’-phosphate product 
(Scheme 1), which have been detected by gel electrophoresis and HPLC.
27,35
 Under 
anaerobic conditions, an alternative pathway is followed, giving rise to other 
products, which were reviewed in ref 38.  
 
 
Scheme 1 Abstraction of hydrogen at the C4’-position of DNA under aerobic conditions and 
subsequent mechanistic steps in DNA cleavage. 
Two species in the catalytic cycle of DNA cleavage by BLM were proposed to be 
responsible for hydrogen abstraction, i.e. BLM-Fe(III)-OOH and (or) 
BLM-Fe(IV)=O.
88,89
 Scheme 2 shows the generally accepted catalytic cycle of 
BLM.
27
 Fe(II)-BLM binds molecular oxygen to form BLM-Fe(II)-O2 or 
BLM-Fe(III)-O2
•-
, which has been confirmed by ESR
90










-OOH), so-called ‘activated bleomycin’.
92-95
 The 
Fe(III)-OOH species is the last detectable intermediate in the catalytic cycle before 




Scheme 2 Proposed catalytic cycle of Fe-BLM. Activation of dioxygen results in the formation 
of ‘activated bleomycin’, the last detectable intermediate in the catalytic cycle. 
It is still of intense debate whether this species is directly responsible for the 
oxidation of DNA, or it is a precursor to a second iron species.
88,89
 Scheme 3 lists the 
three possibilities of how Fe(III)-OOH is involved in DNA cleavage:
95
 (i) heterolysis 
of the O-O bond to give Fe(V)=O and HO
-
, the former of which may attack DNA, (ii) 
homolysis of the O-O bond to give Fe(IV)=O and HO
•
, both of which could attack 
DNA, and (iii) direct reaction of the Fe(III)-OOH species with DNA. 
 
 
Scheme 3 Three possible pathways for DNA cleavage by BLM-Fe(III)-OOH.95 
Heterolysis of the O-O bond in Fe(III)-OOH (Scheme 3, upper pathway) results in 
the formation of a formally high-valent Fe(V)=O species, which can be found in 
heme-iron systems such as cytochrome P450.
96
 However, DFT calculations indicate 
that this process is energetically unfavorable and therefore unlikely to play an 
important role in DNA cleavage by BLM.
95,97
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Homolysis of the O-O bond in Fe(III)-OOH (Scheme 3, lower pathway) generates 
both a transient Fe(IV)=O species and a highly reactive hydroxyl radical, which is 
also known to be capable of H abstraction and DNA cleavage.
37 
Spin trapping 
experiments have demonstrated that Fe-BLM is capable of generating hydroxyl 
radicals under air.
98,99
 However, these experiments were performed in the absence of 
DNA, which could alter the chemistry observed. Moreover, HO
•
 would show 
indiscriminate DNA cleavage activity, while the one observed for BLM is 
specific.
27,80
 It remains unclear whether hydroxyl radicals are formed in the process 
of DNA cleavage with Fe-BLM.  
 
 
Figure 5 Energy diagram of the reaction of ribose with activated bleomycin (left). The 
products of a direct H-abstraction from the ribose with BLM-Fe(III)-OOH lie lower in energy 
than the products of a homolysis reaction. The proposed transition state (right) is a concerted 
process where BLM-Fe(III)-OOH interacts directly with the ribose hydrogen. Reprinted with 
permission from ref 100; copyright 2006, American Chemical Society (ACS). 
The direct involvement of the Fe(III)-OOH species in the hydrogen abstraction 
step has been proposed by Solomon and coworkers based on kinetic, spectroscopic 
and theoretical evidence.
97,100
 The energy barrier for this pathway is lower than the 
O-O bond homolysis pathway as shown in Figure 5, left. Based on calculations and 
the available spectroscopic data, a transition state has been proposed as shown in 
Figure 5, right. The distal oxygen of the hydroperoxide acts as a formal hydroxyl 
radical and reacts with the hydrogen from the sugar moiety resulting in the formation 
of a water molecule and a ribose radical (Scheme 1). The resulting high-valent 
Fe(IV)=O species is proposed to be capable of abstracting a second hydrogen from a 
sugar moiety in the other DNA strand, thus resulting in a net double-strand cut 
(Scheme 4). The ability of Fe(IV)=O intermediates to abstract hydrogen has been 







Scheme 4 Direct hydrogen abstraction from DNA initiated by ‘activated bleomycin’. The 
high-valent Fe(IV)=O intermediate, which is formed, can initiate a second hydrogen 
abstraction event from DNA. 
1.3 Synthetic mimics of BLM in oxidative DNA cleavage 
Oxidative DNA cleavage is of interest for the study on DNA oxidation and the 
development of new DNA foot printing agents and potential anti-tumor or antiviral 
agents.
39
 Extensive research has been done on oxidative DNA cleavage, which 
includes the study of BLM, iron-EDTA derivatives, copper-phenanthroline 
complexes and metalloporphyrins.
39,41
 This section focuses on synthetic iron 
complexes as BLM mimics.  
 
 
Figure 6 Structure of P-3A (left) and Cu(II)-(P-3A) (right) 
In 1978, Umezawa and co-workers published the first model for the metal binding 
domain of BLM, ligand P-3A (Figure 6, left).
62
 This ligand was isolated from the 
culture of Streptomyces Verticillus, and represented the metal binding domain of 
BLM. The crystal structure of its copper(II) complex was obtained and the results 
provided the basic information for the proposed structure of Fe(II)-BLM. (vide 
supra)  
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Figure 7 The PYML ligand and its derivatives. 
Based on ligand P-3A, a group of structurally related ligands, PYML (Figure 7), 
were designed and synthesized as the first synthetic analogues of BLM.
84,106-109
 
Compared to BLM, in PYML the pyrimidine in the metal binding domain is replaced 
with a pyridine, but the imidazole, the deprotonated amide, the secondary amine and 
the primary amine functionalities are retained, thus providing a close match to the 
metal binding domain of BLM. The crystal structures of the iron complexes of 
PYML ligands were not available. However, the transient low-spin iron (III) 
intermediates were observed in ESR measurement when molecular oxygen reacted 




 and PYML 8.
109
 The observed 
ESR data were close to that found for the Fe(III)-OOH species (‘activated BLM’) in 
the Fe-BLM catalytic cycle.
90,92,96
 By replacing the R2-group of PYML 6 with a 
linker connected with a bisthiazole moiety, a ligand closely resembling BLM was 
obtained as PYML 6BLM.
108
 The iron(II) complex of PYML 6BLM was capable of 
inducing the cleavage of ФX174 DNA in the presence of DTT.
108
 The DNA cleavage 
efficiency of Fe(II)-PYML 6BLM was compared with Fe(II)-BLM and the synthetic 
mimic was found to be less efficient.
108
   
 
 
Figure 8 Ligand PMAH (left), ligand PrepH (middle) and the proposed structure of 
Fe(II)-PMA complex.110-114  
In the late 1980s and early 1990s, the group of Mascharak reported a series of 
studies on a new ligand, PMAH (Figure 8, left, H is the proton of the amide group), 
as a model for the metal binding domain of BLM.
110-114
 This ligand provides five 
Chapter 1 
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nitrogen atoms from a secondary amine, a pyrimidine, an imidazole and a 
deprotonated amide moiety, respectively, for binding one metal center. The crystal 
structure of its corresponding iron complex was not available. Based on the crystal 
structure of the iron complex of a similar ligand PrpepH
112,113
 (Figure 8, middle) and 
IR and ESR data, a structure of Fe(II)-PMA was proposed as shown in Figure 8. A 
transient species was formed when the methanolic solution of Fe(II)-PMA was 
exposed to molecular oxygen, which showed the same X-band ESR spectroscopic 
parameters as the BLM-Fe(III)-OOH species and thus was proposed to be a low-spin 
iron(III) hydroperoxy species.
113
 The same transient species could be also formed by 
treating Fe(II)-PMA with H2O2. Fe(II)-PMA induced the cleavage of ФX174 DNA in 
the presence of sodium ascorbate as the reducing agent under aerobic conditions with 
a ratio of Fe(II):DNA base pairs ~ 1:1.2. Base propenals were obtained as the DNA 
cleavage product, therefore, the mechanism of the DNA cleavage with Fe(II)-MPA 




 scavenger DMSO did 
not show inhibition effect on DNA cleavage by Fe(II)-PMA, which ruled out the 
possibility of production of HO
•
 as a DNA cleaving agent.
113
  
Two ligands closely related to PMAH (Figure 9) were published by Kimura and 
co-workers in 1992.
115,116
 The substituted pyrimidine in PMAH is replaced with a 
pyridine. Base on the crystal structure of the corresponding Cu(II) complex and IR 
spectroscopy, the structures of the corresponding iron complexes were proposed as 
shown in Figure 9. The iron(III) complexes of both L1 and L2 induced cleavage of 
pUC19 DNA with excess H2O2 as oxidant under aerobic conditions, with a ratio of 
Fe(III):DNA base pairs ~ 1:0.13.
117
 It was proposed the generation of diffusible HO
•
 
may be not involved in DNA cleavage since the HO
•
 scavenger, i.e. DMSO, did not 
result in inhibition. 
 
 
Figure 9 Ligands reported by Kimura and co-workers and the proposed structure of the 
corresponding iron(II) complexes.115,116  
In 1995, in collaboration with the research group of Prof. Que, our group 
published the pendadentate ligand N4Py (Figure 10) as a synthetic mimic of the 
metal binding domain of BLM.
118
 The N4Py ligand consists of four pyridyl groups 
connected to a central nitrogen atom, which provides a similar environment to that of 
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the binding domain of BLM. After the complexation of N4Py with an iron(II) salt, a 
low-spin iron(II) complex was crystallized from acetonitrile. Treatment of this 
isolated Fe(II)-N4Py complex with H2O2 in methanol or acetone led to the formation 
of a low-spin Fe(III)-OOH species as purple intermediate (Figure 10, right; upper 
pathway).
118
 The spectroscopic features, i.e. UV/Vis absorption, resonance Raman 
and X-band ESR spectroscopy, of Fe(III)-OOH were in good agreement with 
‘activated bleomycin’.
119-122
 Treatment of Fe(II)-N4Py with iodosylbenzene or 
peracids led to the formation of a high-valent iron(IV) oxo intermediate as green 
species, which was isolated and characterized.
123
 As the complex on which the 
studies described in this thesis are based, the chemistry of Fe(II)-N4Py complexes 
will be discussed in detail regarding alkene oxidation and oxidative DNA cleavage in 
section 1.4 and 1.5, respectively. 
 
Figure 10 N4Py ligand (left) and the independent generation of two important intermediates 
from Fe(II)-N4Py (right).118  
Ligand BDPEA (Figure 11), which is structurally analogous to N4Py, was 
published by Meunier and co-workers in 2001.
124
 As confirmed by crystal structures, 
BDPEA was not a pentadentate but a tetradentate ligand. The complexation with iron 
led to the formation of a complex with two chloride ions attached to the iron center, 
which was presumably caused by the structural constraints.
124
 Therefore, this ligand 
should not be considered as a synthetic mimic of the metal binding domain of BLM. 
Fe(III)-BDPEA was capable of cleaving ФX174 DNA in the presence of ascorbic 
acid or H2O2 under aerobic conditions, with a ratio of Fe(III):DNA base pairs ~ 1:20 
or 1:200.
124
 The presence of catalase or superoxide dismutase (SOD) significantly 
decreased the DNA cleavage efficiency. It was proposed that Fe(III)-OOH or 




Figure 11 BDPEA and the corresponding iron complex Fe(III)-BDPEA.124 
In 1995, Bernal and co-workers reported another iron complex of a polypyridyl 
ligand (Figure 12) capable of generating a Fe(III)-OOH intermediate.
125
 X-band ESR 
spectroscopic data indicated the formation of a low-spin Fe(III)-OOH intermediate 
when Fe(II)-L3 was treated with H2O2. The crystal structure of Fe(II)-L3 was 
reported later by Girerd and co-workers.
126
 Complex Fe(II)-L3 was capable of 
cleaving ФX174 DNA in the presence of a wide variety of oxidants, such as H2O2, 
KHSO5 and magnesium monoperphthalate (MMPP), with a ratio of Fe(II):DNA base 
pairs ~ 1:190. In the presence of ascorbate as the additional reductant, it was capable 
of DNA cleavage with molecular oxygen as the oxidant.
126
 The activity of this iron 
complex was enhanced significantly by the covalent attachment of a positively 
charged quaternary ammonium moiety. This increase in activity was attributed to an 
enhanced electrostatic interaction between Fe(II)-L4 and the negatively charged DNA 
backbone compared to Fe(II)-L3. The DNA cleavage activity was not inhibited by 
hydroxyl radical scavengers, such as EtOH, DMSO and glycerol. In contrast, both 
the enzymes catalase and SOD significantly inhibited the reaction.  
 
 
Figure 12 Polypyridal ligand reported by Bernal and co-workers125 (left) the proposed 
structure of corresponding iron(II) complexes (right).126  
In 1997, Goto and co-workers reported a series of iron complex capable of 
generating Fe(III)-OOH species.
127
 Treatment of an isolated diimine iron(II) complex 
with a nitrile under basic conditions resulted in the formation of iron(II) triimine 
complexes (Scheme 5).
127,128
 When these iron(II) triimine complexes were treated 
with excess H2O2, X-band ESR tentatively showed the formation of transient 
Fe(III)-OOH intermediates.
129,130
 In the presence of H2O2, these iron(II) complexes 
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induced cleavage of pUC19 DNA with a ratio of Fe(II):DNA base pairs ~ 1:2.1.
130
 





Scheme 5 Formation of triimine based iron(II) complexes.127 
In 2005, Chakravarty and co-workers announced that they obtained ‘the first 
structurally characterized iron(II) complex modeling the N- and C-terminus domains 
of BLM’ (Figure 13, left).
131
 This complex is inactive in the presence of reducing 
agent under aerobic conditions. However, by adding excess of H2O2, it induced 
cleavage of pUC19 DNA, which is inhibited by the HO
•
 scavenger DMSO. The 
formation of HO
•
 was proposed to be the result of the homolysis of Fe(III)-OOH 
species (Scheme 3, top), but there was no experimental evidence for the formation of 
an Fe(III)-OOH species. Notably, this complex was capable of DNA cleavage under 
photo irradiation of UVA light (312 and 365 nm) in the absence of external agents, 







Figure 13 Iron(II) complexes published by Chakravarty131 (left) and Che (right).134 
Also in 2005, Che and co-workers reported two iron(II) complexes (Figure 13, 
right) capable of oxidative DNA cleavage.
134
 These two high-spin iron(II) 
pentapyridyl complexes were crystallized as 7-coordinated complexes. Due to the 
characteristics of iron binding, these complexes should not be considered as synthetic 
mimics of Fe(II)-BLM. Based on ESI-MS data, it was claimed that these two iron(II) 
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complexes are capable of generating high-valent Fe(IV)=O species by reacting with 
1 equivalent of PhIO or two equivalents of H2O2, but key experimental details to 
support their claims were missing.
134




 DNA was 
induced with these two iron(II) complexes in the absence of external agents under 
aerobic conditions with a ratio of Fe(II):DNA base pairs ~ 1:20, but less efficient 
than Fe-BLM. The reactive species in DNA cleavage were unclear since mechanistic 
investigations were not carried out. The cytotoxicity of these two iron(II) complexes 
against a selection of human carcinoma cell lines was evaluated by using the MTT 
assay (See section 2.3). The IC50 of Fe(II)-L was determined to be in the micromolar 




1.4 Catalytic oxidation with Fe(II)-N4Py complexes 




 was capable of oxidizing a series of 
organic substrates under both anaerobic and aerobic conditions as shown in Scheme 
6.
120,121





a result of one-electron oxidation, and the involvement of a two-electron oxidant, e.g. 





Scheme 6 An overview of reactions catalyzed by [(N4Py)FeII(CH3CN)]
2+ and H2O2.
120,121 
Based on the solid experimental evidence employing various mechanistic 
probes
119-121
 and spectroscopic characterization of the intermediate species,
119-123
 a 





proposed (Scheme 7). The key intermediate in this cycle is the low-spin 
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 with H2O2. The homolysis of the O-O bond of 
N4Py-Fe(III)-OOH gives two radical type oxidants, i.e. Fe(IV)=O and HO
•
 (see 
Scheme 3), both of which are capable of H abstraction.
37,95
 The iron(III) species 




 can re-enter the catalytic cycle. 
 
 
Scheme 7: Proposed catalytic cycle for alkane oxidation by [(N4Py)FeII(CH3CN)](ClO4)2 and 
H2O2.
120,121 
1.5 Oxidative DNA cleavage with Fe(II)-N4Py complexes  
The iron(II) complex of N4Py ligand 1 (Figure 14) formed an unstable low-spin 
Fe(III)-OOH species that has properties resembling those of “activated BLM”, 
indicating it is a structural model of Fe(II)-BLM.
118-122
 Therefore, its DNA cleavage 
activity was investigated to evaluate its potential as a functional model for 
Fe(II)-BLM. Initial results demonstrated that Fe(II)-1 was capable of cleaving 
Litmus 29 plasmid DNA in the absence of any additional reagents under aerobic 
conditions with a ratio of Fe(II):DNA base pairs ~ 1:15.
121,135
 An ammonium group 
and a 9-aminoacridine moiety were covalently attached to Fe(II)-1, respectively, to 
increase the DNA binding affinity of Fe(II)-N4Py and thus the DNA cleavage 
activity of Fe(II)-1. Both Fe(II)-2 and Fe(II)-3 were more efficient in DNA cleavage 
Chapter 1 
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compared to Fe(II)-1. They were capable of DNA cleavage with a ratio of 
Fe(II):DNA base pairs ~ 1:150 in the absence of external reagents.
121,135 
 





Figure 15 High resolution denaturing PAGE gel of cleavage products of a 5’-32P-end labeled 
172 base pair restriction fragment after 1 h reaction. Cleavage reactions performed in Tris-HCl 
buffer (10 mM, pH 8.0) at 37 °C in the presence of 1 mM DTT. Lane 1, control; lane 2, 
DNaseI; lane 3, Fe(II)BLM (10 µM); lane 4, Fe(III)-MPE (10 µM); lane 5, Fe(II)-3 (10 µM); 
lane 6, Fe(II)-3 (1 µM); lane 7, C & T; lane 8, G. Adapted with permission from ref 135; 
copyright 2000, ACS. 
The DNA cleavage by Fe(II)-3 resulted in the formation of two distinguishable 
DNA products (Figure 15, lane 6), which match well with the 3′-phosphate and 
3′-phosphoglycolate products formed with Fe(II)-BLM but do not match with the 
3′-OH products formed with DNA hydrolase DNase I.
121,135
 This observation 
indicated that DNA cleavage by Fe(II)-3 is oxidative and not hydrolytic in nature.  
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Figure 16 Di-topic (left) and tri-topic (right) N4Py ligands.136-138 
The iron(II) complexes of monotopic N4Py ligands 1-3 (Figure 14) were very 
active oxidative DNA cleaving agents. However, like all other synthetic Fe-BLM 
mimics, they induced only single-strand DNA cleavage. (See section 2.1 for details 
of single-strand and double-strand DNA cleavage) Since double-strand DNA 
cleavage requires the delivery of two oxidizing equivalents in proximity to DNA,
47
 
multi-nuclear iron complexes might be capable of effecting double-strand cleavage. 
A series of di-topic and tri-topic N4Py-based ligands (Figure 15) have been designed 
and synthesized.
136-138
 The corresponding iron complexes of these ligands have been 
evaluated for the oxidative cleavage of supercoiled pUC18 plasmid DNA.
136-138
 The 
di-nuclear iron complexes Fe(II)-4-8 showed significantly enhanced double-strand 
cleavage activity compared to mono-nuclear complex Fe(II)-1. (See section 2.1) With 
the tri-nuclear iron complexes Fe(II)-9 and Fe(II)-10, higher levels of double-strand 
cleavage were obtained compared to di-nuclear Fe(II)-N4Py complexes.
136-138
 The 
achievement of a higher degree of double-strand DNA cleavage with multi-nuclear 
Fe(II)-N4Py complexes is presumed to be the result of the increased probability of 
the simultaneous delivery of two oxidizing equivalents to the DNA.  
1.6 Aim and outline of this thesis  
The aim of the present research project was to systematically evaluate the 
mono-nuclear Fe(II)-N4Py complexes as synthetic mimics of Fe(II)-BLM in 
oxidative DNA cleavage. First, efforts were made to explore the understanding of the 
behaviour of mono-nuclear Fe(II)-N4Py complexes in oxidative DNA cleavage in 
cell-free systems, e.g. the effect of structure modification on activity, nature of 
reactive species in DNA cleavage and the effect of photo irradiation on the activity 
and mechanism. Second, the DNA cleavage efficiency of Fe(II)-N4Py complexes 




Chapter 2 introduces techniques and methodologies used in the research described 
in this thesis. Chapter 3 describes the study of the structure and DNA cleavage 
activity of a series mono-Fe(II)-N4Py complexes. The DNA cleavage efficiency of 
these Fe(II)-N4Py complexes were compared with BLM. The nature of the reactive 
species in DNA cleavage was investigated by employing a series of mechanistic 
probes in the absence and presence of the reducing agent DTT. Based on these results, 
a mechanism was proposed for the Fe(II)-N4Py induced DNA cleavage. Chapter 4 
deals with the DNA cleavage with Fe(II)-N4Py complexes under photo irradiation. 
Chapter 5 goes one step further building on Chapter 4, investigating the DNA 
cleavage with Fe(II)-N4Py combined with free chromophores under photo irradiation. 
The nature of the reactive species in DNA cleavage with Fe(II)-N4Py complexes 
under photo irradiation was investigated and the origin of the photo enhanced DNA 
cleavage activity of Fe(II)-N4Py was discussed. Chapter 6 presents research on the 
nuclear DNA cleavage activity of Fe(II)-N4Py complexes and BLM. The cytotoxicity 
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 Chapter 2  
Methodologies and Techniques Employed in Research 
 
In this chapter the methodologies used to evaluate the DNA cleavage efficiency in 
both cell-free and cell-involved systems and the MTS assay employed to determine 































2.1 Cleavage of isolated plasmid DNA with Fe(II)-N4Py complexes 
The methodologies for determining the DNA cleavage activity of Fe(II)-N4Py 
complexes has been well established and clearly reported for cell-free systems.1-4 A 
brief introduction of the methodologies and techniques employed to evaluate the 
DNA cleavage efficiency of the DNA cleaving agents presented in this thesis is 
described in this chapter, see ref 2 for more details. 
2.1.1 Pathways of DNA cleavage 
As described in chapter 1, Fe(II)-BLM is capable of both single-strand (ssc) and 
double-strand DNA cleavage (dsc), with the latter thought to be the major contributor 
to its cytotoxicity because single-strand DNA breaks are rapidly repaired by the 
cellular repair mechanisms much more efficiently than double-strand DNA breaks.5-7 
In cells, dsc can lead to chromosomal aberrations and apoptosis; in higher eukaryotes, 
even a single dsc in an essential gene can trigger the apoptosis signaling cascade. 
This is why achieving direct double-strand DNA cleavage is more attractive for DNA 
cleaving agents.8,9 
One double-strand cut comprises two cuts on the two opposite DNA stands within 
16 base pairs.10 The proximity of the two nicking positions ensures that the hydrogen 
bonding network is not strong enough to hold the fragmented DNA strands together. 
Extensive single-strand cuts also results in double-strand cuts due to the statistical 
accumulation of independent ssc on the two DNA strands. Although both of these 
two DNA cleavage pathways induce double-strand breaks ultimately (Figure 1), they 
are two inherently different processes, with different time profiles. (vide infra) 
 
Figure 1 Representation of the two cleavage pathways. (Adapted with permission from ref 2. 
Copyright Tieme van den Berg, 2008. Originally published in T. A. van den Berg, Ph. D. 
Thesis, University of Groningen, 2008, p36.) 
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2.1.2 Substrate plasmid DNA 
The high copy plasmid pUC 18 DNA was selected as benchmark substrate to 
evaluate the efficiency of Fe(II)-N4Py complexes and all the other DNA cleaving 
agents employed in the present thesis. Plasmids are DNA molecules different from 
chromosomal DNA. They are usually formed in bacteria and their sizes vary from 1 
to 1000 kilobase pairs (kbp).11,12 Plasmids are considered transferable genetic 
elements which can be replicated independently in suitable hosts, and thus serve as 
important tools in genetics and biotechnology, where they are commonly used to 
multiply or express particular genes.11,12 
 
Figure 2 Electron microscope images of plasmid DNA. Supercoiled DNA (a), nicked DNA (b) 
and linear DNA (c). Images reproduced with permission from 13. Copyright Vinogard and 
Lebowitz, 1966. Originally published in The Journal of General Physiology, 1966, 49, 
103-125.  
Naturally, the double-stranded plasmid DNA forms a compact folded structure, 
which is referred to as a supercoiled structure (Figure 2a). One cut on one of the 
DNA strands will relieve the strain in the twisted molecule, and consequently the 
supercoiled DNA will relax to an uncoiled form, which is referred to as nicked DNA 
(Figure 2b). When both strands of the DNA are cut opposite to each other, linear 
DNA is obtained (Figure 2c). Supercoiled DNA is often referred to as form I, nicked 
DNA as form II and linear DNA as form III. Nicked and linear DNA can only be 
accessed by breaking the initial supercoiled structure via chemical reactions. 
Therefore, strictly speaking, these three different DNA forms refer to many different 
DNA molecules. 
2.1.3 Quantification of DNA cleavage using DNA gel electrophoreses 
The supercoiled, nicked and linear DNA can be separated from each other by DNA 
gel electrophoreses, based mainly on the difference in relative size. For most 
plasmids, the order of their migration in an electric filed is supercoiled >> linear > 
nicked, as represented in Figure 3a. After the electrophoresis, the gel is stained with 
Chapter 2 
 32 
ethidium bromide (EtBr, Figure 3b) to visualize the DNA bands. The intercalation of 
EtBr to DNA significantly increases its fluorescent quantum yield, therefore, DNA 
bands are visualized through the fluorescence of EtBr under irradiation at 302 nm. 
The relative amounts of supercoiled, nicked and linear plasmid DNA can be 
indicated by the density of the fluorescence of the corresponding DNA bands. 
 
Figure 3 (a) A schematic representation of the separation of supercoiled, nicked and linear 
DNA by DNA gel electrophoresis; (b) structure of ethidium bromide (EtBr). (Adapted with 
permission from 2. Copyright Tieme van den Berg, 2008. Originally published in T. A. ven den 
Berg, Ph. D. Thesis, University of Groningen, 2008, p38.) 
The EtBr uptake capacities of supercoiled, nicked and linear DNA are different. 
The structure of supercoiled DNA is more compactly folded than nicked and linear 
DNA. Therefore, supercoiled DNA has less external surface available for EtBr. As a 
consequence, less EtBr can bind to supercoiled DNA than to nicked or linear DNA 
and thus a lower fluorescence response is observed. Therefore, a correction factor is 
necessary to compensate for this reduced EtBr uptake capacity of supercoiled DNA. 
Furthermore, a correction factor is a property of the individual plasmid DNA and 
hence should not be used interchangeably. The correction factor of pUC18 DNA was 
determined independently to be 1.31 ± 0.04 by T. A. van den Berg.1,2 
Based on the fluorescence intensity of different DNA bands on the gel, the 
amounts of supercoiled, nicked and linear DNA can be obtained and presented in one 
graph as shown in Figure 4, which indicates the DNA cleavage efficiency of the 
mono-nuclear Fe(II)-N4Py complex Fe(II)-1 and the di-nuclear Fe(II)-2 (Figure 5). 
These two conversion curves indicate that with Fe(II)-2 more linear DNA was 
formed within 60 min. 
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Figure 4 Time profile for cleavage of supercoiled DNA (■) to nicked (●) and linear (▲) DNA 
in 10 mM Tris-HCl (pH 8.0) at 37 ºC with 1 mM DTT and (a) Fe(II)-1; (b) Fe(II)-2. 
Conditions: 1.0 µM complex, 0.1 µg µL-1 pUC18 plasmid DNA (150 µM bp). 
 
 
Figure 5 Mono-topic N4Py ligand 1 and di-topic N4Py ligand 2. 
2.1.4 Calculation of extent of ssc and dsc 
Linear DNA was formed in the DNA cleavage processes effected by both Fe(II)-1 
and Fe(II)-2 (Figure 5). As described in section 2.1.1, both single-strand (ssc) and 
double-strand cleavage (dsc) processes produce linear DNA, therefore, the 
conversion curves alone do not tell whether a double-strand cleavage process 
occurred.  
To distinguish these two cleavage pathways for DNA cleavage, i.e. dsc and ssc, the 
numbers of single-strand (n) and double-strand cuts (m) per DNA molecule were 
calculated for each reaction sample taken at different time points through statistical 
analysis using the Poisson distribution presented as Equation (1) and Equation (2),10 
in which fIII and fI are the fractions of linear DNA and supercoiled DNA, respectively. 
Equation (3) is the Freifelder-Trumbo relationship describing the pure single-strand 
cleavage pathway,10a in which h is the maximum distance in base pairs between nicks 
on opposite strands to generate a double strand cut (i.e. 16), and L is the total number 
of base pairs of the DNA used (2686 bp for pUC18 plasmid DNA). Uncertainties in 
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The calculated values of m and n of Fe(II)-1 and Fe(II)-2 are plotted together and 
compared to the Freifelder-Trumbo relationship (Figure 6). The m/n plot of Fe(II)-1 
approximates the Freifelder-Trumbo relationship, indicating only ssc occurred. The 
m/n plot of Fe(II)-2 firstly approximates the Freifelder-Trumbo relationship but then 
deviates from it significantly, indicating that initially only ssc occurred, but that at a 
later stage dsc occurred also. 
 
Figure 6 Number of double-strand cuts (m) as a function of single-strand cuts (n) per DNA 
molecule for Fe(II)-1 (■)and Fe(II)-2 (○). Error bars represent the maximum and the minimum 
values of n and m. Dotted lines describe a pure single-strand cleavage pathway, as described by 
the Freifelder-Trumbo relationship.10a  
2.1.5 Calculation of cleavage rate 
In the present study, all DNA cleavage reactions were performed either in the 
absence of reducing agents or at a final concentration of 1.0 mM DTT (1000 equiv. 
with respect to Fe(II)-1), and thus were considered as pseudo-first-order reactions.2 
The DNA cleavage induced by Fe(II)-1 went through a single-strand DNA 
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cleavage pathway, therefore the average numbers of single-strand cut per DNA 
molecule (n) can be calculated by using Equation (4) (when linear DNA is not 
present) and Equation (5) (when linear DNA is present). The calculated values of n 
can be plotted as a function of time, and the rate constant (kobs) of single-strand DNA 
cleavage is determined from the linear fit of the graph as shown in Figure 7. The rate 
constant of single-strand DNA cleavage induced by Fe(II)-1 determined from the 
slope of the graph is 0.095 +/- 0.003 min-1. The good fit to a linear relation between n 
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Figure 7 Average number of single strand cuts per DNA molecule (n) as a function of time for 
Fe(II)-1 (■). Dashed lines represent the linear fit through the data points for Fe(II)-1 (0.095 +/- 
0.003 min-1, R2 = 0.976). Error bars represent the uncertainty limits of the data, based on a 
Monte Carlo simulation, taking into account a standard deviation σ of 0.03 of the individual 
DNA fractions. Conditions: 1.0 µM complex, 0.1 µg µL-1 pUC18 plasmid DNA (150 µM bp), 




The DNA cleavage efficiency of complexes are dependent on the concentrations of 
DNA ([DNA]) and complexes ([complex]), however, in the calculations of kobs by 
using the method mentioned above, [DNA] and [complexes] were not taken into 
account. Resultantly, the values of kobs do not quantify the DNA cleavage efficiency 
of complexes appropriately. Therefore, taking account [DNA] and [complexes], kobs 
is corrected to k* by using Equation 6. k* for Fe(II)-1 is 0.0054 +/- 0.0002 min-1. 
It is difficult to compare the kinetic results of DNA cleavage by Fe(II)-N4Py 
complexes with other single-strand DNA cleaving agents in literature, because often 
different reaction conditions (e.g. pH, temperature, buffer) are used.  
2.2 Cleavage of nuclear DNA in living human cells 
2.2.1 γH2AX Formation as a marker of dsc 
Phosphorylated histone H2AX is a convenient molecular marker for dsc produced in 
nuclear chromatin.14 In response to the generation of a dsc, PI-3-like kinases, e.g. 
ATM, ATR and DNA-PK, are activated and phosphorylate Ser-139 of the minor 
histone H2AX rapidly.15-17 An antibody specific for the modified C-terminus of 
H2AX has revealed that γH2AX appears as discrete nuclear foci within 1 min after 
exposure of cells to ionizing radiation.15b After the treatment with the DNA cleaving 
agents capable of dsc, i.e. neocarzinostatin, bleomycin, and etoposide, significant 
amounts of γH2AX were also observed, whereas UV irradiation and the DNA 
methylating agent methyl methanesulfonate did not induce γH2AX production.16 
These observations further support the idea that γH2AX phosphorylation occurs 
specifically in response to dsc. Importantly, the number of foci agrees with the 
estimated number of induced DNA dsc.15,18 
γH2AX can be detected and quantified in cells using an immunocytochemical and 
multiparameter flow cytometry approach.19,20 This method of quantifying dsc and 
their repair offers several advantages over traditional methods, e.g. Western blotting, 
as it allows high-throughput screening, rapid and accurate analysis of individual cells, 
and the ability to correlate γH2AX with cell cycle phase and apoptosis.20,21  
Notably, the dsc mentioned here is different from that in the cleavage of isolated 
plasmid DNA in section 2.1. DNA in chromatin is not in the supercoiled form and the 
dsc of nuclear DNA is confirmed by the formation of DNA fragments that can be 
visualized by gel electrophoreses. Therefore, the pathway for the cleavage of nuclear 
DNA can not be determined.  
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2.2.2 Detection of γH2AX formation using fluorescence-activated cell sorting 
Fluorescence-activated cell sorting (FACS) is a specialized type of flow cytometry 
for counting, examining and sorting a heterogeneous mixture of biological cells. The 
fluorophore-labeled cells are suspended in a narrow, rapidly flowing stream of liquid. 
This flow is adjusted so that up to thousands of cells per second can pass through a 
laser beam one by one. The fluorescent signals from individual cells are recorded and 
then analyzed statistically by using flow cytometry software.22  
 
Figure 8 Flow cytometric analysis of SKOV-3 cells (a) without treatment; (b) treated with 3 
µM Fe(II)-1; (c) 30 µM Fe(II)-1; (d) the overlay of the single-parameter histogram of (a) (the 
area in shadow), (b) (…) and (c) (―).  
Figure 8 shows the flow cytometric analysis of SKOV-3 cells (a human ovarian 
carcinoma cancer cell line) without treatment and with treatment with 3 and 30 µM 
Fe(II)-1 for 48 h. Figure 8a-c are two-parameter histograms, which display the 
fluorescence density of counted cells as dots in the FITC channel (x-axis) and the PE 
channel (y-axis), where each dot represents a single cell. Note that there is no shift 
along either the x- or y-axis when SKOV-3 cells were treated with 3 µM Fe(II)-1 
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(Figure 8b), however, significant positive shift occurred when SKOV-3 cells were 
treated with 30 µM Fe(II)-1 (Figure 8c). Figure 8d is the overlay of the 
single-parameter histograms of the three cell samples, in which the y-axis is the 
number of events (cell counting) and the x-axis is the fluorescence intensity in FITC 
channel. It shows that the dataset of the cells treated with 3 µM Fe(II)-1 is identical 
with the blank control, whereas the treatment with 30 µM Fe(II)-1 resulted in a 
significant shift of the dataset. The mean fluorescence intensity (MFI) of the counted 
cells without treatment and those treated with 3 and 30 µM Fe(II)-1 is determined to 
be 5 ± 2, 8 ± 6 and 57 ± 15, respectively. This indicates that 3 µM Fe(II)-1 did not 
induce the formation of γH2AX but 30 µM Fe(II)-1 did induce significant amounts 
of γH2AX. 
2.3 MTS assay for evaluating cell cytotoxicity of Fe(II)-N4Py 
complexes  
The MTS assay is a colorimetric assay for determining the activity of enzymes in 
cells that can reduce the soluble yellow tetrazolium dye MTS (3-(4,5-dimethyl 
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) to the 
purple formazan dye, which has a strong maximum UV-Vis absorption at 490 ~ 500 
nm. (Figure 9) The absorption of the formazan dye indicates the activity of reductase 
and thus the viability and proliferation of cells. This assay is widely used to evaluate 
the cytotoxicity of toxic agents or potential medicinal agents.23 Generally, a lower 
observed activity of reductase is considered to be related to a higher cytotoxicity of 
the tested chemicals. 
 
Figure 9 Reduction of MTS to the corresponding formazan dye by reductase in cells. 
Figure 10a lists the values of absorption at 490 nm of SKOV-3 cell cultures 
incubated with Fe(II)-BLM and Fe(II)-1 for 48 h. Based on this, the reagent 
concentration dependence of the viability of SKOV-3 cells is assessed as shown in 
Figure 10b. The results indicate that at a concentration of 3 µM, Fe(II)-BLM is more 
cytotoxic than Fe(II)-1 since ~ 60% less cell viability remained, whereas at a 
concentration of 10, 30 and 50 µM, Fe(II)-1 is more cytotoxic since it inhibits cell 
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viability completely but > 20% cell viability remained with Fe(II)-BLM. 
 
Figure 10 (a) Absorption at 490 nm of SKOV-3 cell cultures incubated with different 
concentrations of Fe(II)-BLM (□) and Fe(II)-1(■); (b) concentration dependence of the cell 
viability of SKOV-3 cells treated with Fe(II)-BLM (□, dash line) and Fe(II)-1(■, solid line). 
Solvent control was taken as the reference of 100% cell viability. Single experiment, in 
triplicate. 
2.4 Experimental Section 
General information 
All reagents and solvents were used as purchased without further purification unless 
noted otherwise. Ligand 1 and 2 were synthesized according to literature procedures 
and all data were in agreement with published data. The iron(II) complex of ligand 1 
was obtained as [(N4Py)FeII(CH3CN)](ClO4)2.2H2O by crystallization as previously 
reported.24 Bleomycin Sulfate (A2 + B2, 95%), from Streptomyces verticillus, was 
purchased from Calbiochem. 
2.4.1 Cleavage of isolated plasmid DNA  
Materials and instrumentation pUC18 plasmid DNA, isolated from E. coli XL1 
Blue, was purified using QIAGEN maxi kits. Concentrations were determined by 
UV/Vis (A260) using a NanoDrop 1000 spectrophotometer (Thermo SCIENTIFIC). 
Restriction enzymes and restriction buffers were purchased from New England 
Biolabs (NEB). Agarose used for the gel electrophoreses was purchased from 
Invitrogen. Pictures of the gel slabs were taken with a Spot Insight CCD camera. The 
intensity of bands on the film were quantified using the software program Gel-Pro 
Analyzer version 4.0. Statistic calculations were performed using Mathematica 
version 7.01. 
DNA cleavage experiments Iron(II) complexes of ligand 1 were dissolved in H2O. 1 
equiv. of (NH4)2Fe
II(SO4)2.6H2O was added to solutions of ligand 2 in H2O to 
generate Fe(II)-2 in situ. 1% DMF was used to aid dissolution of ligand 2 in H2O. 
The respective iron(II) complex solutions were added to a buffered solution (10 mM 
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Tris-HCl, pH 8.0) of supercoiled pUC18 plasmid DNA with dithiolthreitol (DTT). 
The reaction solutions, with a final volume of 50 µL and a final concentration of 1.0 
µM iron(II) complex, 0.1 µg µL-1 DNA (150 µM in base pairs) with 1.0 mM DTT, 
were incubated at 37 ºC. Samples (2 µL) were taken from reaction solutions at the 
time points indicated, then quenched in 15 µL NaCN solution (1 mg mL-1, containing 
2040 equiv. NaCN with respect to Fe(II)-N4Py with 3 µL loading buffer (consisting 
of 0.08% bromophenol blue and 40% sucrose, 6 × conc.) and immediately frozen in 
liquid nitrogen. The samples were run on 1.2% agarose gels in 1 × TAE buffer for at 
least 90 min at 70 V. Gels were stained in an ethidium bromide bath (1.0 µg mL-1) for 
45 min and then washed with gel running buffer. Quantification was performed by 
fluorescence imaging and a correction factor of 1.31 was used for the reduced 
ethidium bromide uptake capacity of supercoiled plasmid pUC18 DNA.1,2 All results 
were obtained from cleavage experiments that were performed at least in triplicate. 
2.4.2 Cleavage of nuclear DNA in living human cells 
Materials Fe(II)-1 was dissolved in DMSO/H2O. 1 equiv. of (NH4)2Fe
II(SO4)2.6H2O 
was added to solutions of BLM in 1:1 DMSO/H2O to generate the corresponding 
iron(II) complexes in situ. The solutions of Fe(II)-BLM and Fe(II)-1 were 
immediately added to cell cultures after preparation. 
Cell lines and Cell Culture The human ovarian carcinoma cancer cell line SKOV-3 
(HTB-77) was obtained from the ATCC (Manassas, VA, USA) and cultured in 
Dulbecco's modified Eagle's medium (DMEM) (Lonza, Verviers, Belgium)) 
supplemented with 10% FCS (Perbio Hyclone, Etten-Leur, the Netherlands), 50 
µg/ml gentamycine sulfate (Invitrogen, Breda, the Netherlands), 2 mM L-glutamine 
(Lonza). Cell cultures were incubated at 37 °C under humidified conditions and 5% 
CO2. 
FACS Analysis of Phosphorylated Histone 2AX (γH2AX) The intracellular DNA 
damage ability of Fe(II)-1 was tested using the staining γH2AX flowcytometry as 
described in literature.21b In short, SKOV-3 cells were seeded at a density of 
2.85×104/cm2 in 24-well cell-culture plates (Corning Inc., Corning, NY, USA). 
Fe(II)-1 was added at 70 – 80% confluence and their final concentrations in culture 
medium were 3 and 30 µM. Controls were treated with 1:1 DMSO/H2O only; the 
final concentration of DMSO in culture medium was <4.6% (v/v). Cells treated with 
3 and 30 µM Fe(II)-1 were harvested after 48 hours, and fixed in 4% Formaldehyde 
(Merck, Darmstadt, Germany)/PBS for 10 min at 37°C. Cells were permeabilized in 
90% methanol/PBS for 30 min on ice and then resuspended in 98 µL incubation 
buffer (0.5% BSA in PBS). 2 µL of Phospho-Histone H2AX (ser139) (20E3) rabbit 
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mAb-Alexa Fluor 488 conjugate (Cell Signaling, Leiden, the Netherlands) was added 
and incubated for 30 min in the dark at room temprature. The stained cells were 
resuspended in 200 µL PBS buffer. Fluorescence was measured using a Calibur flow 
cytometer (Beckton Dickenson Biosciences, San Jose, CA, USA). Experiments were 
conducted by using duplicate samples for each treatment, and each experiment was 
carried out at least three times, unless noted otherwise. The mean fluorescence 
intensity (MFI) and % positive cells were determined with WinList software. Graphs 
were made using WinMDI software. 
2.4.3 In Vitro Cytotoxicity 
The viability of SKOV-3 cells in the presence of Fe(II)-BLM and Fe(II)-1 was 
determined by using the (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl) 
-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay. SKOV-3 cells were seeded at a 
density of 2×104/cm2 in 96-well cell-culture plates (Corning Inc., Corning, NY, USA). 
Solutions of Fe(II)-BLM and Fe(II)-1 in 1:1 DMSO/H2O were added at 70 – 80% 
confluence. The final concentrations of Fe(II)-BLM and Fe(II)-1 in 100 µL culture 
medium were 0, 1, 3 10, 30 and 50 µM. Controls were treated with 1:1 DMSO/H2O 
only; the final concentration of DMSO in culture medium was <2.5% (v/v). The cells 
were incubated for 48 hours, then 20 µL of fresh CellTiter 96 Aqueous One Solution 
(Promega, Madison, WI, USA) was added and incubated for 3 h. The absorbance at 
490 nm was measured using a Varioskan (Thermo Electron Corp., Breda, the 
Netherlands) plate reader. Experiments were conducted by using triplicate samples 
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The research present in this chapter compared the DNA cleavage efficiency of a 
series of Fe(II)-N4Py complexes in the absence and presence of the external 
reducing agent DTT. Mechanistic investigations were carried out by employing a 
series of ROS scavengers, which revealed an important role of superoxide radicals. A 
mechanism was proposed, which involves the formation of an Fe(III)-OOH 
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3.1 Introduction 
The iron(II) complex of the pentadentate ligand N,N-bis(2-pyridylmethyl)-N-bis 
(2-pyridyl)methyl-amine (N4Py, 1; Figure 1) has been shown to be capable of 
inducing DNA strand breaks with molecular oxygen as terminal oxidant without the 
need for an external reducing agent.
1,2
 In the presence of an added reductant, DNA 
cleavage activity was significantly increased.
 
Previous studies have indicated that the 
DNA cleavage activity of Fe(II)-N4Py was enhanced by introducing the DNA 
binding moiety 9-aminoacridine or ammonium group, which probably attributed to 
the increased interaction of Fe(II)-N4Py and DNA because of the binding moiety.
1,2
 
Compared to acridine, a good DNA intercalator,
3
 the ammonium ion binds through 
electrostatic interactions and hydrogen-bonding with the DNA phosphodiester 
backbone and the naphthalimide unit is capable of both DNA groove binding and 
base pair intercalation.
4
 Previous reports showed that the length of the spacer unit has 
a strong influence on the hydrolytic DNA cleavage activity of the phenanthridine- 
linked lanthanide (III) complexes and anthraquinone attached zinc(II) complexes.
5,6
 
Consequently, it may be possible to modify the oxidative DNA cleavage activity of 
Fe(II)-N4Py complex by modifying its structure through introducing different DNA 
binding moieties connected by different spacers.  
 
Figure 1 Ligands employed in this study: N4Py and its mono-topic derivatives. 
This chapter describes a study of the structure and activity of the iron(II) 
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complexes of a series of monotopic N4Py ligands with covalently attached 
DNA-binding moieties, i.e. acridine, ammonium or naphthalimide moieties, 
connected to the N4Py ligand via spacers of different length (Figure 1). DNA 
cleavage activities of these mono-Fe(II)-N4Py complexes were studied under 
standard reaction conditions and compared with iron salts and Fe-BLM. The 
mechanism of oxidative DNA cleavage induced by Fe(II)-N4Py complexes was 
investigated by addition of a series of mechanistic probes. 
3.2 Syntheses of Fe(II)-N4Py complexes 
3.2.1 Syntheses of target N4Py ligands 
The ligands employed in the present study are shown in Figure 1. Propyl and hexyl 
groups were selected as a 3- and 6-carbon linker, respectively. Ligands 1 and 2 were 
synthesized following the procedures described previously.
1,7,8 
Ligands 3a-c, N4Py 
amines, were prepared through NaCN catalyzed reactions of intermediate 5 or 8 with 
amines (Scheme 1). The naphthalimide moiety was introduced by reaction of the 
corresponding N4Py amines 3a-c with 8-naphthalic anhydride in methanol to form 
4a-c in moderate yields (63 ~ 70%).  
 
 
Scheme 1 Synthesis of ligands 1-4. (a) Corresponding diamine, NaCN, MeOH, reflux 
overnight; (b) iPr2EtN, CH3CN, reflux overnight; (c) MeOH, reflux overnight. 
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3.2.2 Complexation of iron(II) to N4Py ligands 
The iron(II) complexes of ligands 1 and 2 were prepared following procedures 
previously reported.
1,2,7
 The corresponding iron(II) complexes of ligands 3a-c and 
4a-c were generated in situ by complexation with (NH4)2Fe
II
(SO4)2.6H2O in water 
immediately prior to use for DNA cleavage. Previously, it has been established that 
one iron(II) is bound per N4Py unit, regardless of the substitution of the ligand.
1,2,7-9
 
Moreover, mono-nuclear iron(II) complexes of ligands 1, 2 and 3a have been isolated 
and characterized before.
1,2,7
 For ligands 4a-c, the formation of mono-nuclear iron(II) 
complexes in situ was confirmed by ESI-MS. (See Table 4 in Experimental Section.) 
3.3 DNA cleavage with Fe(II)-N4Py complexes  
It was reported that Fe(II) complexes of ligands 1 and 2 were capable of cleaving 
supercoiled Litmus29 plasmid DNA (0.1 µg µL
-1
, 150 µM bp) at 1 µM concentration 
under air without added reductants.
1,2
 Here, to facilitate comparison of the activities 
of these mono-nuclear complexes, also with multi-nuclear Fe(II) complexes reported 
before,
8,9
 the DNA cleavage activities of the Fe(II) complexes of ligands 1-4, were 
investigated by using supercoiled pUC18 (0.1 µg µL
-1
) in 10 mM Tris.HCl buffer 
(pH 8.0) at 37 ºC both in the absence and presence of 1000 equiv. dithiothreitol (DTT, 
1 mM) with respect to iron. At this concentration the reaction is zero order in DTT 
(see chapter 2). The final concentration of the cleaving agents was 1 µM based on 
Fe(II), with a stoichiometry of 1:150 with respect to DNA base pairs, which 
corresponds to a catalyst loading of 0.7 mol%. All the experiments were carried out 
at least three times independently. For comparison, cleavage activities of iron salts 












Table 1 DNA cleavage in the presence and absence of DTT. 
Without DTT With DTT 

























120 79 ± 2 21 ± 2 
ssc 
60 4 ± 1 88 ± 1 8 ± 2 
ssc 




120 64 ± 3 36 ± 3 
ssc 
60 0 - - 
ssc 




120 69 ± 1 31 ± 1 
ssc 
60 0 68 ± 3 32 ± 3 
ssc 




120 90 ± 1 10 ± 1 
ssc 
60 0 82 ± 2 18 ± 2 
ssc 




120 65 ± 2 35 ± 2 
ssc 
60 0 - - 
ssc + 
dsc 




120 83 ± 1 17 ± 1 
ssc 
60 0 83 ± 3 17 ± 3 
ssc 




120 92 ± 1 8 ± 1 
ssc 
60 8 ± 2 84 ± 2 8 ± 2 
ssc + 
dsc 




120 95 ± 1 5 ± 1 
ssc 
60 0 81 ± 3 19 ± 3 
ssc 
1 µM iron complex, 0.1 µg µL-1 supercoiled pUC18 DNA (150 µM bp), 10 mM Tris.HCl buffer 
(pH 8.0), 37 ºC, with or without 1 mM DTT.  
3.3.1 DNA cleavage in the absence of reductant 
The DNA cleavage activities of the Fe(II) complexes of ligands 1-4, were 
investigated within 2 hours, in the absence of reducing agent. The results for the 
DNA cleavage with the Fe(II) complexes of ligands 1-4 are shown in Table 1 and 
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Figure 2 Time profile for cleavage of supercoiled DNA (■) to nicked (●) and linear (▲) DNA 
in 10 mM Tris-HCl (pH 8.0) at 37 ºC with (a) Fe(II)-1; (b) Fe(II)-2; (c) Fe(II)-3a; (d) Fe(II)-3b; 
(e) Fe(II)-3c; (f) Fe(II)-4a; (g) Fe(II)-4b; (h) Fe(II)-4c.  
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In all the cleavage experiments with Fe(II) complexes of ligands 1-4, only nicked 
and supercoiled DNA were present during the reaction, which means that all 
complexes exhibit single-strand DNA cleavage only. Moderate DNA cleavage, that is, 
formation of 17~36% of nicked DNA, was observed with Fe(II)-1, Fe(II)-2, Fe(II)-3a, 
Fe(II)-3c and Fe(II)-4a, whereas Fe(II)-3b, Fe(II)-4b and Fe(II)-4c produced 
significantly less nicked DNA (Table 1, entries 4, 7 and 8). The continuous increase 
of the amount of nicked DNA over 2 h with Fe(II)-2, Fe(II)-3a and Fe(II)-3c showed 
that these complexes remained active during this time. In contrast, with the 
remaining Fe(II)-N4Py complexes, the formation of nicked DNA ceased increasing 
after 1 h, suggesting a deactivation of these complexes.  
 
Table 2 The apparent pseudo-first-order rate constants (k*) of DNA cleavage in the presence 









Without DTT With DTT 
1 Fe
II
-1 0.197 ± 0.017
a
 5.36 ± 0.17 
2 Fe
II
-2 0.197 ± 0.006 21.4 ± 0.62 
3 Fe
II





8.01 ± 0.28 
5 Fe
II





-4a 0.158 ± 0.011
a












8.57 ± 0.28 
aIn the absence of DTT, with Fe(II)-1 and Fe(II)-4a, the fraction of nicked DNA stopped 
increasing after 60 min so the rate constants are calculated for single-strand cleavage process 
within 60 min; bThe cleavage rate cannot be obtained because of the low numbers of 
single-strand cuts (Figure 3); cIn the presence of DTT, for double-strand cleaving agents 
Fe(II)-3c and Fe(II)-4b, only single-strand cuts (ssc) occurred before linear DNA was formed 
and rate constants for the single-strand cleavage process can be determined. With Fe(II)-3c and 
Fe(II)-4b, linear DNA appeared after 7.5 and 30 min, respectively (Figure 6). 
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Figure 3 Number of single-strand cuts per DNA molecule (n) as a function of time in the 
absence of DTT for (a) Fe(II)-1 (■), Fe(II)-2 (■); (b) Fe(II)-3a (■), Fe(II)-3b (●), Fe(II)-3c 




The numbers of single-strand cuts per DNA molecule (n) by Fe(II) complexes of 
ligands 1-4 at different time points were determined for each reaction sample by 
statistical analysis (see chapter 2). From the linear fit of the data the pseudo- 
first-order rate constants (kobs) for DNA cleavage were obtained
10
 (Figure 3) and then 
corrected to give k
*
 (Table 2). The values of k
*
 for all complexes except Fe(II)-3b, 
Fe(II)-4b and Fe(II)-4c, were found to be similar, from which it can be concluded 
that in the absence of reducing agent, the presence of DNA binding moieties has no 
favourable effect on the DNA cleavage activity. The extent of DNA cleavage 
observed with Fe(II)-3b, Fe(II)-4b and Fe(II)-4c was too low to allow accurate 
calculation of the cleavage rate under these conditions. This suggests that a longer 
spacer (hexyl) and the second naphthalimide moiety affect DNA cleavage activity 
negatively. (See section 4.2.2) 
3.3.2 DNA cleavage in the presence of reducing agent 
DNA cleavage activities of the Fe(II) complexes of ligands 1-4 were determined in 
the presence of DTT over 60 min (Table 1 and Figure 4). With all of these 
Fe(II)-N4Py complexes, efficient DNA cleavage, that is > 30% conversion of 
supercoiled DNA within 5 min, was achieved. Except with Fe(II)-1 and Fe(II)-4b 
(Table 1, entry 1 and 7), all supercoiled DNA was consumed completely within 40 
min. The decrease of the supercoiled DNA fraction was accompanied by a steady 
increase in the fraction of nicked pUC18 DNA. Linear DNA was formed once a 
significant amount of nicked DNA (> 60%) was present in the reaction. With Fe(II)-1 
and Fe(II)-4b, the fractions of linear DNA were 8% after 60 min, whereas with 
complexes Fe(II)-3a, Fe(II)-3b, Fe(II)-4a and Fe(II)-4c, considerably more linear 
DNA was obtained, i.e. between 17-32 %. In the case of Fe(II)-2 and Fe(II)-3c, more 
than 37% linear DNA was formed, which exceeded the limit for accurate 
quantification.
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Figure 4 Time profile for cleavage of supercoiled DNA (■) to nicked (●) and linear (▲) DNA 
in 10 mM Tris-HCl (pH 8.0) at 37 ºC with 1 mM DTT and (a) Fe(II)-1; (b) Fe(II)-2; (c) 
Fe(II)-3a; (d) Fe(II)-3b; (e) Fe(II)-3c; (f) Fe(II)-4a; (g) Fe(II)-4b (more data points were taken 
to get a good m/n plot); (h) Fe(II)-4c.  
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DNA cleavage pathway As mentioned in Chapter 2, both single-strand and 
double-strand cleavage processes produce linear DNA. To distinguish these two 
cleavage pathways, the numbers of single-strand (n) and double-strand cuts (m) per 
DNA molecule were calculated for each reaction sample taken at different time 
points through statistic analysis using the formulas of Poisson distribution.
8-10, 12 
Figure 5 shows the plots of the number of double-strand cleavage (m) versus the 
number of single-strand cleavage (n) for the Fe(II) complexes of ligands 1-4 in the 
presence of DTT. The dotted lines are the theoretical curves describing a pure 
single-strand cleavage pathway, which follow from the Freifelder-Trumbo 
relationship.
12a
   
 
 
Figure 5 Number of double-strand cuts (m) as a function of single-strand cuts (n) per DNA 
molecule for (a) Fe(II)-1 (■) and Fe(II)-2 (▲); (b) Fe(II)-3a (■), Fe(II)-3b (▲) and Fe(II)-3c 
(●); (c) Fe(II)-4a (■), Fe(II)-4b (▲) and Fe(II)-4c (●); (d) Fe(II)-3c (●), Fe(II)-4b (▲) and 
di-nuclear Fe(II)-N4Py complex Fe(II)-L (■) (di-topic N4Py ligand L, see Chapter 2 Figure 5). 
Error bars represent the maximum and the minimum values of n and m. Dotted lines describe a 
pure single-strand cleavage pathway, as described by the Freifelder-Trumbo relationship.12a 
For all the iron based reagents, the values of m and n increased in time, which is 
Mononuclear Fe(II)-N4Py Complexes in Oxidative DNA Cleavage: Structure, Activity and Mechanism 
 57 
consistent with the continued DNA cleavage within 60 min (Figure 4). It is clear that 
complexes Fe(II)-1, Fe(II)-2, Fe(II)-3a, Fe(II)-3b, Fe(II)-4a and Fe(II)-4c are 
single-strand DNA cleaving agents since their m/n plots approximate the 
Freifelder-Trumbo relationship, namely, the linear DNA that appeared in these DNA 
cleavage processes is the result of extensive single-strand cleavage. In the case of 
Fe(II)-3c and Fe(II)-4b, the m/n plots first approximate the Freifelder-Trumbo 
relationship, but then deviate from it, indicating that initially only single-strand 
cleavage occurs, but that at a later stage double-strand cleavage takes place also.
 
A 
similar pattern was observed with the di-nuclear Fe(II)-N4Py complexes reported 
previously.
8-10
 This constitutes the first examples of mono-nuclear Fe(II) complexes 
capable of effective direct oxidative double-strand DNA cleavage, albeit that the 
double strand cleavage activity is considerably lower than what was observed with 
multi-nuclear Fe(II)-N4Py complexes (Figure 5d, Figure 6). The cleavage pathways, 
single-strand cleavage (ssc) and single-strand cleavage (ssc) in combination with 
double-strand cleavage (dsc), for DNA cleavage by these complexes are listed in 
Table 1. 
Rate of single-strand cleavage For complexes that only induce single-strand 
cleavage, the average numbers of single-strand cuts per DNA molecule (n) were 
calculated (See Chapter 2). The calculated values were plotted against time and 
through the linear fitting of the plot, the pseudo-first-order rate constant kobs for the 
single-strand cleavage process were obtained from the slope (Figure 6) and converted 
to k
*
 taking into account the concentrations of DNA and iron complex. 
DNA cleavage processes effected by Fe(II)-2, Fe(II)-3a and Fe(II)-4a were faster 
than cleavage by Fe(II)-1, with a cleavage rate k
*

















for Fe(II)-1 (Table 2, 
entries 1-3, and 6). This clearly indicates the positive influence on DNA cleavage 
activity by the DNA binding moiety 9-aminoacridine, ammonium and naphthalimide. 
The DNA cleavage activity of Fe(II)-3a is intermediate between that of Fe(II)-4a and 
Fe(II)-2, suggesting that in addition to π-π stacking, electrostatic interactions play a 




Figure 6 Number of single-strand cuts per DNA molecule (n) as a function of time in the 
presence of DTT for (a) Fe(II)-1 (■), Fe(II)-2 (■); (b) Fe(II)-3a (■), Fe(II)-3b (●), Fe(II)-3c 
(▲); (c) Fe(II)-4a (■), Fe(II)-4b (●), Fe(II)-4c (▲).  
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3.4 DNA cleavage with Fe(II)-BLM 
Under the same reaction conditions, Fe(II)-BLM is substantially more active and 
showed different DNA cleavage activity compared to its synthetic mimics. In the 
absence of DTT, a smear of the bands of different DNA forms on gel was observed, 
indicating substrate DNA was cleaved into small fragments, and as a consequence 
accurate quantification could not be obtained (Figure 7, lane 5 and 6). However, from 
the qualitative point of view, it can be concluded that the DNA cleavage with 
Fe(II)-BLM in the absence of DTT is less efficient than in the presence of DTT. 
 
Figure 7 Agarose gel picture of DNA Cleavage with 0.1 µg µL-1 supercoiled pUC18 DNA 
(150 µM bp), Tris-HCl buffer (pH 8.0), 37 ºC. Lane 1, DNA reference; lane 2, DNA ladder; 
lane 3, 1 µM Fe(II)-BLM, 1 mM DTT, 60 min; lane 4, 1 µM BLM, 60 min; lane 5, 1 µM 
Fe(II)-BLM, 1 min; lane 6, 1 µM Fe(II)-BLM, 60 min. 
 
Figure 8 (a) Time profile for cleavage of supercoiled DNA (■) to nicked (●) and linear (▲) 
DNA with Fe(II)-BLM in the presence of DTT; (b) average number of double strand cuts (m) 
as a function of single-strand cuts (n) per DNA molecule for Fe(II)-BLM. Error bars represent 
the maximum and the minimum values of n and m. The dotted line describes a pure 
single-strand cleavage pathway, as predicted by the Freifelder-Trumbo relationship.12a 
In the presence of DTT, a burst of DNA cleavage was observed within 20 s, which 
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resulted in more than 80% of the supercoiled DNA being cleaved (Figure 8a). The 
DNA cleavage process was very slow after this initial burst of activity; the remaining 
20 % supercoiled DNA is cleaved during 30 min, which could indicate that 
decomposition of Fe-BLM under these conditions occurs. The m/n plot of the DNA 
cleavage with Fe(II)-BLM in the presence of DTT (Figure 8b) shows that the values 
of m jumped from 0 to 0.21 then stayed within a comparable region, while the values 
of n jumped from 0 to 1.5 and then slowly increased to 3.9. This suggests that 
double-strand DNA cleavage only occurs during the initial burst of DNA cleavage 
and that the slower cleavage process found after this initial burst is purely 
single-strand DNA cleavage. BLM is known to intercalate DNA
13
 and consequently 
it may be difficult for the complex to dissociate, which might account for the 
observed difference in DNA cleavage activity behavior of Fe(II)-BLM after the 
initial burst. 
3.5 DNA cleavage with iron salts 





(SO4)2.12H2O, were also determined without and with DTT, respectively. In 




(SO4)2.12H2O did not 
induce DNA cleavage within 2 h. In the presence of DTT, the time dependence of the 
DNA cleavage with these two iron salts is shown in Figure 9, and Table 3. Less DNA 
cleavage (46% and 12%, respectively) was observed with Fe(II) and Fe(III) salts 
within 10 min, compared to the efficient DNA cleavage (> 60% within 10 min) with 
all of Fe(II)-N4Py complexes, except for Fe(II)-4b, in the present study. 
 
Figure 9 Time profile for cleavage of supercoiled DNA (■) to nicked (●) and linear (▲) DNA 
in 10 mM Tris-HCl (pH 8.0) at 37 ºC with (a) (NH4)2Fe
II(SO4)2.6H2O and (b) 
NH4Fe
III(SO4)2.12H2O. Conditions: 1.0 µM Fe
2+ or Fe3+, 0.1 µg µL-1 pUC18 plasmid DNA 
(150 µM bp) with 1 mM DTT.  
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60 1 ± 1 90 ± 1 10 ± 1 
ssc 




60 33 ± 2 67 ± 2 0 
ssc 





(SO4)2.12H2O over 60 min. The two iron salts are single-strand DNA 
cleaving agents. DNA cleavage effected by Fe(III) salts is much slower than effected 
by Fe(II) salts, with a cleavage rate k
*









. (Figure 10b) 
 
Figure 10 For (NH4)2Fe
II(SO4)2.6H2O (▲) and NH4Fe
III(SO4)2.12H2O (■), (a) numbers of 
double strand cuts (m) as a function of single strand cuts (n) per DNA molecule; (b) average 
numbers of single strand cuts per DNA molecule (n) as a function of time. kobs for 
(NH4)2Fe
II(SO4)2.6H2O (▲) is 0.073 ± 0.001 min
-1 (R2 = 0.995), for NH4Fe
III(SO4)2.12H2O (■) 
is 0.020 ± 0.001 min-1 (R2 = 0.973).  
3.6 Reactive Oxygen Species in DNA Cleavage
†
 
A series of mechanistic probes were added to the DNA cleavage reactions to gain 
insight into the nature of the reactive oxygen species (ROS) involved in DNA 
cleavage effected by Fe(II)-N4Py complexes. The ROS scavengers that were used 
include superoxide dismutase (SOD), which converts superoxide radicals into O2 and 
H2O2,
14
 catalase, which converts H2O2 into O2 and H2O,
15
 and dimethyl sulfoxide 
(DMSO), which acts as a hydroxyl radical scavenger.
16
 These investigations were 
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focussed on Fe(II)-1, which does not have a DNA binding moiety. In the case of 
complexes that are tightly bound to DNA, it may be difficult to intercept any reactive 
oxygen species with a scavenger before DNA damage occurs, which would 
potentially result in inaccurate mechanistic conclusions. The oxygen activation 
chemistry of the Fe(II) complexes of the N4Py based ligands 2, 3a-c and 4a-c is 
unlikely to be different from that of the parent complex Fe(II)-1, which means that 
mechanistic conclusions for Fe(II)-1 apply to the other Fe(II) complexes of 
N4Py-derived ligands as well. 
 
 
Figure 11 Calculated average number of single-strand cuts per DNA molecule (n) with ROS 
scavengers at 30 min in the absence (a) and presence (b) of DTT.10 
Figure 11 shows the average numbers of single-strand cuts (n) of Fe-1 with 
different scavengers at 30 min in the presence and absence of DTT. As mentioned 
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before, DNA cleavage in the absence of reducing agent is less efficient than in the 
presence of reducing agent. In the absence of DTT, the addition of catalase and 
Bovine serum albumin (BSA) did not inhibit the activity of Fe-1 (Figure 12a, lane 3 
and 5) and the addition of SOD resulted in a small drop (~ 40%) in the activity of 
Fe-1 (Figure 12a, lane 2). These observations suggest an involvement of superoxide 
radicals in cleavage process and a minimal effect of the presence of a protein. A 
higher degree of inhibition (~ 70%) was also observed with SOD and catalase 
together. (Figure 12a, lane 4) This can be attributed to the fact that H2O2 formed from 
superoxide radicals by SOD, which is a much more potent oxidant (vide infra), was 
converted further into O2 and H2O by catalase.  
In the presence of DTT, the addition of catalase and BSA did not influence the 
activity of Fe-1 either. (Figure 12b, lane 3 and 5) The addition of SOD gave rise to a 
significant increase in cleavage activity (Figure 12b, lane 2), which is most likely due 
to the fact that the superoxide radicals formed in the reaction are converted into O2 
and H2O2. The latter is a much more potent oxidant (vide infra), resulting in more 
DNA cleavage. This is supported by the significant inhibition (~ 90%) that was 
observed when SOD and catalase were added together (Figure 12b, lane 4), and the 
reason is probably the same as mentioned in the case of cleavage without DTT. These 




Figure 12 Agarose gel picture of DNA Cleavage with 1 µM Fe(II)-1, 0.1 µg µL-1 supercoiled 
pUC18 DNA (150 µM bp), Tris-HCl buffer (pH 8.0), 37 ºC, 30 min, (a) with 1 mM DTT and 
(b) without 1mM DTT. Lane 1, no ROS scavenger; lane 2, SOD (1.0-5.0 U); lane 3, catalase 
(1.0-2.5 U); lane 4, SOD(1.0-5.0 U) and catalase (1.0-2.5 U); lane 5, BSA (1 µg).10 
No obvious effect on the cleavage activity was observed when 1000 equiv. DMSO 
with respect to Fe(II)-1 was added (Figure 13, lane 3, 5, 7 and 9). This strongly 
suggests that hydroxyl radicals do not play an important role in the Fe(II)-1 catalyzed 





Figure 13 Agarose gel of DNA cleavage with 1 µM Fe(II)-1, 0.1 µg µL-1 supercoiled pUC18 
DNA (150 µM bp), Tris-HCl buffer (pH 8.0), 37 ºC, 30 min. Lane 1, DNA ladder; lane 2, 
Fe(II)-1 (1.0 µM); lane 3, Fe(II)-1 (1.0 µM) and DMSO (1.0 mM); lane 4, Fe(II)-1 (1.0 µM) 
and DTT (1.0 mM); lane 5, Fe(II)-1 (1.0 µM), DTT (1.0 mM), and DMSO (1.0 mM); lane 6, 
Fe(II)-1 (1.0 µM) and H2O2 (1.0 mM); lane 7, Fe(II)-1 (1.0 µM), H2O2 (1.0 mM), and DMSO 
(1.0 mM); lane 8, Fe(II)-1 (1.0 µM), DTT (1.0 mM), and H2O2 (1.0 mM); lane 9, Fe(II)-1 (1.0 




Figure 14 Calculated average number of single strand cuts per DNA molecule (n) at 30 min. 
Column 1, DTT (1.0 mM); Column 2, DTT (1.0 mM) + BSA ( 1 µg); Column 3, H2O2 (1 mM); 
Column 4, H2O2 (1 mM) + BSA ( 1 µg). Error bars represent the uncertainty limits of the data, 
based on a Monte Carlo simulation, taking into account a standard deviation σ of 0.03 of the 
individual DNA fractions. Conditions:1 µM Fe(II)-1, 0.1 µg µL-1 supercoiled pUC18 DNA 
(150 µM bp), Tris-HCl buffer (pH 8.0), 37 ºC, 30 min.  
A dramatic increase in DNA cleavage was observed when 1000 equiv. of H2O2 
with respect to Fe(II)-1 were added (Figure 13, lane 6). In the presence of DTT, 
accurate quantification of DNA cleavage was not possible due to the extensive DNA 
cleavage within 30 min (Figure 13, lane 8). In the absence of DTT, the amount of 
DNA cleavage obtained with Fe(II)-1 and H2O2 was comparable to the case of 
Fe(II)-1 and DTT (Figure 14). The significant effect of H2O2 can be attributed to the 










 This species, which has 
spectroscopic properties similar to “activated BLM”, the low-spin 
BLM-Fe(III)-OOH species that is believed to initiate the DNA cleavage reaction,
18-20
 




3.7.1 Effect of ligand structure on DNA cleavage activity 
Fe(II)-N4Py complexes were demonstrated to be very efficient synthetic catalysts for 
oxidative DNA cleavage using O2. In the presence of the reducing agent DTT, the 
structure of the Fe(II)-N4Py complex affects its DNA cleavage activity significantly. 
With appended DNA binding moieties, the Fe(II)-N4Py complexes Fe(II)-2, 
Fe(II)-3a, Fe(II)-4a were found to have significantly higher DNA cleavage rates than 
Fe(II)-1 (Table 2). Moreover, the nature of the DNA-binding moiety proved to be of 
importance. Fe(II)-2, which contains a 9-aminoacridine moiety, proved to be the 
most efficient DNA cleaving agent. From comparison with Fe(II)-3a and Fe(II)-1, it 
can be concluded that both hydrophobic and electrostatic effects contribute to the 
DNA-binding and, hence, the DNA cleavage activity of Fe(II)-2. When incorporating 
two covalently linked ammonium or naphthalimide groups in the ligand, increased 
cleavage activity was observed. The spacer length also proved to be an important 
variable; the use of a 6-carbon instead of a 3-carbon linker gave rise to a decrease in 
cleavage efficiency. Special cases are Fe(II)-3c and Fe(II)-4b, which show a small 
but significant degree of double-strand cleavage activity. This represents the first 
examples of direct oxidative double-strand DNA cleavage by a synthetic 
mono-nuclear iron complex and, as such, is an attractive starting point for the 
development of the next generation of Fe-BLM mimics. 
In the absence of DTT, DNA cleavage with Fe(II)-N4Py was much less efficient; 
cleavage rates k
*
 under these conditions were generally an order of magnitude lower 
(Table 2). Furthermore, no significant effect of ligand structure on activity was 
observed. A plausible explanation for this is that in the absence of external reducing 
agent, the reduction of Fe(III) back to Fe(II), which is required for oxygen activation, 
becomes rate limiting instead of the DNA oxidation. Indeed, the redox potential for 
the Fe(II)/Fe(III) couple of Fe(II)-1 resembles those of Fe complexes of N4Py 
ligands containing a similar substitution at the pyridine rings
22
 such as ligands 2-4. 
This explains why all complexes investigated here exhibit similar overall cleavage 




3.7.2 Nature of the active species
‡ 
The experiments with scavengers of reactive oxygen species (ROS) demonstrated 
that superoxide plays a key role in the reaction mechanism for DNA cleavage 
catalyzed by Fe(II)-1. In the presence of an external reductant such as DTT, the 
presence of SOD significantly increased the reaction rate (Figure 11b and Figure 12b, 
lane 2) by the formation of hydrogen peroxide from superoxide. This was confirmed 
by the addition of hydrogen peroxide to the reaction of Fe(II)-1 and DTT (Figure 13, 
lane 8), which showed a similar high actvity. Moreover, the addition of SOD in 
combination with catalase suppressed the reaction significantly (Figure 12b, lane 4), 
which indicates that the hydrogen peroxide is formed by SOD. The presence of ‘free’ 
hydroxyl radicals was excluded since inhibition was not observed upon addition of 
DMSO to the reaction (Figure 13, lane 5). The presence of free hydrogen peroxide 
can be also excluded in the present system, since addition of catalase does not result 
in a decrease in activity (Figure 12b and Figure 13, lane 3). 
It is unlikely that superoxide radicals are the active species responsible for 
hydrogen abstraction from the DNA, which starts the cascade of reactions resulting 
in DNA cleavage. While it is true that examples of direct hydrogen abstraction by 
superoxide radicals from substrates with readily transferable hydrogens, such as 
reduced flavins, hydrazines and hydroxyl amines, have been reported, these 
proceeded only in aprotic solvents, such as DMF.
23, 24
 Protonation of O2
●-
 to give the 
conjugate acid HO2, which is also capable of hydrogen abstraction, results in rapid 
decomposition.
25, 26 
Additionally, KO2 induced DNA strand cleavage under 
physiological conditions is caused by dismutation of superoxide into hydrogen 
peroxide, which can act as the terminal oxidant in combination with a metal ion.
27
 
Therefore, an interaction between Fe(II)-1 and superoxide radicals to produce 
another active oxidant is more likely. It has been demonstrated that Fe-EDTA can 
undergo a series of reactions with superoxide, in which superoxide acts both as a 
reductant and as an oxidant.
28, 29
 Importantly, this cascade of reactions results in the 
formation of free hydrogen peroxide, which has been identified as an important 
intermediate in the degradation of DNA by Fe-MPE.
30







 can undergo a reversible deprotonation 








 In principle, this latter 
species can also be accessed via a direct reaction between superoxide and Fe(II)-1, 






 after protonation. 
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Scheme 2 Possible mechanism of activation of molecular oxygen by Fe(II)-N4Py. 
These observations combined give rise to the following mechanistic proposal. The 
first step is electron transfer (either inner- or outer-sphere electron transfer) of the 
iron(II) complex Fe-1 to dioxygen, resulting in the formation of an iron(III) complex 
and a superoxide radical (Scheme 2a). The iron(III) complex is then reduced back to 
an iron(II) complex by DTT, which is present at a high concentration (1.0 mM) 
(Scheme 2b). In principle, superoxide can be reduced under these conditions as well, 
since the formal reduction potentials for the iron complex and superoxide are 
comparable.
22,17,31
 However, reduction of the iron(III) complex by DTT is essentially 
diffusion controlled, whereas the reduction of superoxide is proton coupled and, 
hence, is expected to show slower electron transfer kinetics. Hence, reduction of the 
iron(III) complex is most likely to be faster. This is supported by the observation that 
addition of catalase, which decomposes hydrogen peroxide, does not lead to reduced 
DNA cleavage (Figure 11b). The reaction between the iron(II) complex and 
superoxide gives rise to the formation of an iron(III)-peroxo complex (Scheme 2c), 
which after protonation results in the formation of the low spin 
iron(III)-hydroperoxide complex. This species acts as either the terminal hydrogen 







or is the precursor for the active species by homolysis of the peroxide O-O bond as 
was demonstrated before in the catalytic oxidation of organic substrates.
17
 







 species can be generated by reaction of Fe(II)-1 with O2 in 
the presence of an NADH analogue and an acid as the source of electron and proton 
equivalents, respectively.
31
 Moreover, through coupled electron and proton transfer, 
Fe(II)-N4Py complexes are able to activate and reduce O2 to complete the cycle.
32
 
The current hypothesis requires that both Fe(II)-N4Py and superoxide radicals are 
present simultaneously. However, when the reductant is not present, the reduction of 
Fe(III) to Fe(II) becomes rate limiting and, thus, the probability of such an encounter 
is low. This explains the lower reactivity and the different pattern of cleavage activity 
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observed with the ROS scavengers in the absence of DTT. Fe(II)-N4Py reacts with 
dioxygen to yield Fe(III)-N4Py together with a superoxide radical. Since then there is 
very little Fe(II) present, most of the superoxide will decompose, which results in an 
overall lower activity. In the presence of SOD the superoxide formed is converted 
promptly into hydrogen peroxide. The remaining activity could be the result of 
interaction between Fe(II)-N4Py or Fe(III)-N4Py with H2O2.
17
 A key observation to 
support this hypothesis is that a further drop in activity was observed upon adding 
SOD and catalase simultaneously (Figure 11). 
3.8 Conclusions 
In this study it has been demonstrated that the DNA cleavage activity of N4Py iron 
complexes in the presence of a reductant can be modified by varying the structure of 
the ligand. A series of new monotopic N4Py derived ligands have been designed and 
prepared. Their iron(II) complexes are capable of efficient oxidative DNA cleavage 
at low catalyst loading (150 bp/Fe(II)-N4Py). Structural modification of Fe(II)-N4Py 
complexes resulted in significantly different DNA cleavage behaviour in the presence 
of the reduding agent DTT. The nature and number of the DNA binding moieties and 
length of linkers, all influence the DNA cleavage activity of Fe(II)-N4Py. A small 
amount of direct double-strand DNA cleavage was obtained with Fe(II)-3c and 
Fe(II)-4b, which are the first examples to oxidatively achieve dsc with synthetic 
mononuclear iron complexes. In the absence of DTT, DNA cleavage with 
Fe(II)-N4Py complexes was much less efficient and the effect of structure on activity 
is less significant. It is proposed that this is caused by the fact that the rate limiting 
step in the absence of DTT is the reduction of Fe(III) back to Fe(II), instead of the 
DNA oxidation in the case when DTT is present. Inhibition experiments with 
different ROS scavengers and Fe(II)-1 demonstrated that superoxide is formed. A 
mechanistic proposal was put forward, in which the key point is the interaction of 
Fe(II)-N4Py with superoxide radicals to form Fe(III)-peroxo and (or) 
Fe(III)-hydroperoxide complexes, which are proposed to be the active species, or 
precursor. Considering the wealth of information about molecules capable of DNA 
binding and recognition,
33
 this concept can be further extended to develop more 
active Fe(II)-N4Py complexes capable of direct double-strand DNA cleavage and 
sequence selective DNA cleavage as the synthetic mimics of Fe(II)-BLM. 
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3.9 Experimental section 
General inforamtion 
All reagents and solvents were used as purchased without further purification unless 
noted. Ligand 1, 2 and 3a were synthesized according to literature procedures and all 
data were in agreement.
1,7
 NMR spectra were recorded on a Varian VXR-300 system. 
MS-ESI spectrometry was performed on a Triple Quadrupole LC/MS/MS 
spectrometer (API 3000, Perkin-Elmer Sciex Insruments). Melting temperatures were 
recorded on a Büchi B-545 melting point apparatus. 
 Bleomycin Sulfate (A2 + B2, 95%), from Streptomyces verticillus, was 
purchased from Calbiochem. Superoxide dismutase (SOD, from bovine erythrocytes) 
was purchased from Fluka, catalase (from bovine liver) was purchased from 
Sigma-Aldrich, and bovine serum albimum (BSA) was purchased from New England 
Biolabs (NEB). pUC18 plasmid DNA, isolated from E. coli XL1 Blue, was purified 
using QIAGEN maxi kits. Concentrations were determined by UV/Vis (A260) using 
a NanoDrop 1000 spectrophotometer (Thermo SCIENTIFIC). Restriction enzymes 
and restriction buffers were purchased from New England Biolabs (NEB). Agarose 
used for the gel electrophoreses was purchased from Invitrogen. Pictures of the gel 
slabs were taken with a Spot Insight CCD camera. The intensity of bands on the film 
were quantified using the software program Gel-Pro Analyzer version 4.0. Statistical 
calculations were performed using Mathematica version 7.01. 
DNA cleavage experiments  
Iron(II) complexes of ligand 1 and 2 were dissolved in H2O. 1 equiv. of 
(NH4)2Fe
II
(SO4)2.6H2O was added to solutions of BLM, ligands 3a-c and 4a-c in 
H2O to generate the corresponding iron(II) complexes in situ, respectively. 2% 
MeOH and DMF were used to help 3a-c and 4a-c dissolve in H2O, respectively. The 
respective iron(II) complex solutions were added to a buffered solution (10 mM 
Tris-HCl, pH 8.0) of supercoiled pUC18 plasmid DNA with or without dithiolthreitol 
(DTT). When ROS scavengers were employed, all the additives were added to the 
buffered DNA solution prior to the addition of reductant and complex. The reaction 
solutions, with a final volume of 50 µL and a final concentration of 1.0 µM iron(II) 
complex, 0.1 µg µL
-1
 DNA (150 µM in base pairs) with or without 1.0 mM DTT, 
were incubated at 37 ºC. Samples (2 µL) were taken from reaction solutions at the 
time points indicated, then quenched in 15 µL NaCN solution (1 mg mL
-1
, containing 
2040 equiv. NaCN with respect to Fe(II)-N4Py) with 3 µL loading buffer (consisting 
of 0.08% bromophenol blue and 40% sucrose, 6 × conc.) and immediately frozen in 
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liquid nitrogen. The samples were run on 1.2% agarose gels in 1 × TAE buffer for at 
least 90 min at 70 V. Gels were stained in an ethidium bromide bath (1.0 µg mL
-1
) for 
45 min then washed with gel running buffer. Quantification was performed by 
fluorescence imaging and a correction factor of 1.31 is used for the reduced ethidium 
bromide uptake capacity of supercoiled plasmid pUC18 DNA.
28
 All results were 
obtained from cleavage experiments that were performed at least in triplicate. 
Synthesis of ligands 
Ligands 1, 2 and 3a were prepared following published procedures.
1,2,7
 
Dimethyl 6,6'-(dipyridin-2-ylmethylazanediyl)bis(methylene) dinicotinate (8) 
A solution of 6
1,2
(430 mg, 2.3 mmol), 7 (1.27 g, 6.8 mmol) and iPr2EtN (9.2 mmol, 
1.6 mL) in MeCN (15 mL) was heated at reflux overnight under a N2 atmosphere. 
After cooling down to room temperature, the solvent was evaporated and the residue 
was purified by column chromatography (Al2O3 neutral act. I, EtOAc/heptane/Et3N 
10:5:1) to yield 8 (716 mg, 70%) as a viscous brown liquid. 
1
H NMR (300 MHz, 
CDCl3): δ = 9.08 (d, J = 2.1 Hz, 2 H), 8.57 (d, J = 4.8 Hz, 2H), 8.20 (dd, J = 8.1 Hz, 
2.1 Hz, 2H), 7.72-7.60 (m, 6H), 7.15 (m, 2H), 5.34 (s, 1H), 4.07 (s, 4H), 3.93 (s, 6H); 
13
C NMR (75 MHz, CDCl3): δ = 165.7, 164.4, 159.5, 150.1, 149.2, 137.2, 136.2, 
124.1, 123.8, 122.4, 122.1, 72.4, 72.3, 57.4, 52.2, 52.1; MS (ESI
+








A solution of 5
1,2
 (620 mg, 1.45 mmol), 1,6-diaminohexane (2.03 g, 17.5 mmol) and 
NaCN (14 mg, 0.29 mmol) in MeOH (30 mL) was heated at reflux overnight under a 
N2 atmosphere. After cooling to room temperature, the orange red reaction solution 
was poured into H2O (250 mL) and the aqueous layer was washed with Et2O (3 × 75 
mL), extracted with CH2Cl2 (3 × 75 mL). The combined CH2Cl2 layer was washed 
with H2O (50 mL), dried over Na2SO4 and evaporated to yield 3b (592 mg, 80%) as a 
viscous yellow brown liquid. 
1
H NMR (300 MHz, CDCl3): δ = 8.79 (s, 1 H), 8.42 (d, 
J = 4.8 Hz, 2 H), 8.34 (d, J = 4.8 Hz, 1 H), 7.96 (dd, J = 7.8 Hz, 2.1 Hz, 7 H), 7.49 (m, 
3 H), 7.01 (m, 3 H), 5.22 (s, 1 H), 3.89 (s, 2 H), 3.83 (s, 2 H), 3.26 (quart, J = 6.6 Hz, 
2 H), 2.53 (t, J = 6.8 Hz, 2 H), 1.64 (br, N-H), 1.46 (m, 2 H), 1.23 ppm (m, 6 H); 
13
C 
NMR (75 MHz, CDCl3): δ = 165.5, 162.4, 159.4, 159.1, 148.9, 148.7, 147.3, 136.1, 
136.0, 135.2, 128.5, 123.7, 122.7, 122.1, 121.9, 121.7, 71.6, 71.5, 57.0, 56.6, 41.7, 
39.6, 33.2, 29.2, 26.4, 26.1 ppm; MS (ESI
+
): m/z: 510.6, [M + H]
+
, 532.5 [M + Na]
+
. 




A solution of 8 (330 mg, 0.69 mmol), 1, 3-diaminopropane (1.5 mL, 18 mmol) and 
NaCN (9 mg, 0.18 mmol) in MeOH (30 mL) was heated at reflux overnight under a 
N2 atmosphere. After cooling to room temperature, the orange red solution was 
concentrated by evaporation and the product was purified by size exclusion column 
chromatography (Sephadex LH 20/MeOH) to yield 3c (243 mg, 62%) as a viscous 
red brown liquid. 
1
H NMR (300 MHz, CD3OD): δ = 8.75 (s, 2 H), 8.43 (d, J = 4.5 Hz, 
2 H), 8.31 (dd, J = 8.1 Hz, 2.1 Hz, 2 H), 7.73 - 7.64 (m, 6 H), 7.23 (m, 2 H), 5.32 (s, 
1 H), 3.98 (s, 4H), 3.40 (t, J = 6.6 Hz, 4 H), 2.66 (t, J = 6.8 Hz, 4 H), 1.72 ppm (quint, 
J = 6.8 Hz, 4 H); 
13
C NMR (75 MHz, CD3OD): δ = 167.9, 163.6, 160.8, 150.1, 148.6, 
138.4, 136.9, 130.1, 125.7, 124.4, 124.1, 74.7, 74.6, 58.6, 39.8, 38.4, 33.2 ppm; MS 
(ESI
+
): m/z: 284.7, [M + 2H]
2+
; 568.3, [M + H]
+
; 590.3 [M + Na]
+
. 
General procedure for the syntheses of ligands 4a, 4b and 4c: A mixture of 
1,8-naphthalic anhydride and corresponding amine-substituted N4Py 3a, 3b and 3c in 
MeOH (~10 mM) was heated under reflux overnight. After cooling down to r.t., the 
reaction mixture was filtered through cotton and the solvent was evaporated. The 
residue was purified by column filtration (Al2O3 neutral act. I, CH2Cl2/MeOH 1:1) to 
yield 4a, 4b and 4c, respectively. 
N-(3-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propyl)-6-(((dipyridin-2-ylmethyl
)(pyridin-2-ylmethyl)amino)methyl)nicotinamide (4a) 
Starting from 3a (200 mg, 0.43 mmol) and 1,8-naphthalic anhydride (93 mg, 0.47 
mmol), 4a (194 mg, 70%) was yielded as a light yellow brown solid. M.p.: 107 ºC 
(decomp.); 
1
H NMR (300 MHz, CDCl3): δ = 9.08 (d, J = 2.1 Hz, 1H), 8.63 - 8.50 (m, 
5 H), 8.24 (d, J = 8.1 Hz, 2 H), 8.17 (dd, J = 9.0 Hz, 2.3 Hz, 1 H), 7.80 - 7.60 (m, 9 
H), 7.18 - 7.11 (m, 3 H), 5.37 (s, 1 H), 4.33 (t, J = 6.0 Hz, 2 H), 4.06 (s, 2 H), 3.99 (s, 
2 H), 3.45 (quart, J = 5.8 Hz, 2 H), 2.30 (s, N-H), 2.07 ppm (quint, J = 5.4 Hz, 2 H); 
13
C NMR (75 MHz, CDCl3): δ = 165.4, 164.8, 163.1, 159.8, 159.5, 149.3, 149.1, 
147.6, 136.3, 135.3, 134.4, 131.7, 131.6, 128.3, 128.1, 127.0, 124.2, 123.1, 122.6, 
122.2, 121.9, 72.3, 58.3, 57.5, 57.1, 37.4, 36.1, 27.7 ppm (signals missing due to 
peak overlap); MS (ESI
+





Starting from 3b (280 mg, 0.55 mmol) and 1,8-naphthalic anhydride (123 mg, 0.62 
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mmol), 4b (258 mg, 68%) was yielded as a light brown solid. M.p.: 131.0 - 132.8 ºC; 
1
H NMR (300 MHz, CDCl3): δ = 8.91 (s, 1 H), 8.58 - 8.55 (m, 4 H), 8.48 (d, J = 4.8 
Hz, 1 H), 8.20 (d, J = 8.1 Hz, 2 H), 8.08 (dd, J = 9.0 Hz, 2.1 Hz, 1 H), 7.76 - 7.58 (m, 
9 H), 7.16 - 7.07 (m, 3 H), 6.54 (br, N-H), 5.32 (s, 1 H), 4.18 (quart, J = 6.8 Hz, 2 H), 
4.02 (s, 2 H), 3.95 (s, 2 H), 3.44 (quart, J = 5.9 Hz, 2 H), 1.77 (quint, J = 6.9 Hz, 2 H), 
1.64 (quint, J = 6.5 Hz, 2 H), 1.48 (m, br, 4 H); 
13
C NMR (75 MHz, CDCl3): δ = 
165.6, 164.1, 162.9, 159.7, 159.4, 149.1, 148.9, 147.3, 136.2, 136.1, 135.3, 133.8, 
131.4, 131.0, 128.5, 127.9, 126.8, 123.8, 122.8, 122.4, 122.3, 122.1, 121.8, 71.9, 71.8, 
57.3, 56.9, 39.8, 39.5, 29.1, 27.7, 26.1, 26.0 ppm (signals missing due to peak 
overlap); MS (ESI
+
): m/z: 690.5, [M + H]
+





Starting from 3c (326 mg, 0.50 mmol) and 1,8-naphthalic anhydride (250 mg, 1.26 
mmol), 4c (292 mg, 63%) was yielded as a yellow solid. M.p.: 131.6 - 134.6 ºC; 
1
H 
NMR (300 MHz, CDCl3): δ = 9.08 (s, 2 H), 8.60 - 8.51 (m, 6 H), 8.21 - 8.16 (m, 6 
H), 7.76 - 7.67 (m, 10 H), 7.19 - 7.14 (m, 2 H), 5.39 (s, 1 H), 4.30 (t, J = 6.0 Hz, 4H), 
4.07 (s, 4 H), 3.44 (quart, J = 5.6 Hz, 4 H), 2.53 (s, N-H), 2.07 ppm (quint, J = 5.4 Hz, 
4 H); 
13
C NMR (75 MHz, CDCl3): δ = 165.4, 164.7, 162.7, 159.7, 149.3, 147.7, 
136.4, 135.3, 134.3, 131.6, 131.5, 128.5, 128.0, 127.0, 124.0, 122.7, 122.2, 122.1, 
72.4, 57.3, 37.4, 36.2, 27.7 ppm; MS (ESI
+




































 The experiments and analysis were performed by Dr. Tieme van den Berg. See 
section 3.3 in ref 10 for more details. 
‡
 The mechanism was proposed by Dr. Tieme van den Berg. See section 3.3 in ref 10 
for more details. 
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In this chapter the DNA cleavage efficiency of a series of Fe(II)-N4Py complexes was 
investigated under laser irradiation in the absence of a reducing agent and compared 
to that under ambient lighting. A significant increase in DNA cleavage activity was 
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4.1 Introduction 
Chapter 3 shows that the iron(II) complexes of N,N-bis(2-pyridylmethyl)- 
N-bis(2-pyridyl)-methylamine (N4Py, 1; Figure 1) derived ligands are capable of 
inducing DNA strand breaks efficiently with molecular oxygen as terminal oxidant, 
even in the absence of a reducing agent. Covalent attachment of DNA binders such 
as 9-aminoacridine, an ammonium group or 1,8-naphthalimide to the N4Py ligand 
gave rise to increased DNA cleavage activity in the presence of DTT. In contrast, in 
the absence of a reducing agent, no beneficial effect of the covalently attached DNA 
binding moieties was observed. This was attributed to the reduction from Fe(III) to 




Figure 1 Mono-topic N4Py ligands 1-5 employed in the present study. 
The DNA binding moieties that were employed, i.e. 9-aminoacridine and 
naphthalimide derivatives, are well known photosensitizers and have been 
demonstrated to be capable of inducing photocleavage of DNA via electron transfer 
and resultant formation of reactive oxygen species.
1
 Therefore, it was envisioned that 
mono-nuclear Fe(II)-N4Py complexes with a covalently attached 9-aminoacridine 
and 1,8-naphthalimide moiety, would give rise to enhanced DNA cleavage activity 
under photo irradiation. Whereas extensive studies have focused on DNA 
photocleavage by organic compounds and metal complexes,
1-4
 in particular Rh and 
Ru complexes,
4
 iron complexes are underrepresented in this aspect.
5
 
This chapter presents the results of a study of the effect of irradiation with light of 
various wavelengths on the DNA cleavage activity of the Fe(II) complexes of a series 
of monotopic N4Py ligands 1-5 (Figure 1) under aerobic conditions in the absence of 
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reducing reagents. The mechanism of the DNA cleavage induced by the parent 
complex Fe(II)-1 under photo irradiation was investigated by inclusion of a series of 
mechanistic probes in the reaction. 
4.2 DNA cleavage with Fe(II)-N4Py complexes under photo irradiaton 
4.2.1 Selection of irradiation wavelength 
UV-vis spectral data for the mono-nuclear Fe(II)-N4Py complexes in 10 mM 
Tris-HCl buffer (pH 8.0) are listed in Table 1. The absorption maxima of Fe(II)-1 are 
observed at 382 nm and 455 nm. In the case of the Fe(II) complexes of ligands 2 and 
3-5, the absorption maxima of the Fe(II)-N4Py core overlaps with the absorption of 
the 9-aminoacridine and 1,8-naphthalimide moiety, respectively (Figure 2). It is 
notable that the addition of 1 equiv. of Fe
2+
 caused the absorption band of ligand 5 to 
broaden and blue-shift by ca. 10 nm, with a concomitant increase in the intensity of 
the absorption maxima at 340 nm, which strongly suggest the formation of 
aggregates. (vide infra) 
 
Figure 2 Normalized absorption spectra of (a) 9-aminoacridine (―), Fe(II)-1 (―) and Fe(II)-2 
(―); (b) 1,8-naphthalimide (―), Fe(II)-3 (―),Fe(II)-4 (―) and Fe(II)-5 (―). 
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Table 1 Electronic absorption data for iron (II) complexes of ligands 1-5.a 







Fe(II)-1 382 (0.21), 455 (0.12) 
Fe(II)-2 390 (sh), 413 (1.11), 434 (0.95), 500 (sh) 
Fe(II)-3b 345 (1.29), 455 (sh) 
Fe(II)-4b 345 (0.66), 455 (sh) 
Fe(II)-5b 330 (3.76), 455 (sh) 
aThe absorption spectra were recorded in aqueous solution in 10 mM Tris-HCl (pH 8.0) at 20 
ºC; b1% v/v DMF was used to aid ligand dissolution.  
Based on the UV-vis absorption spectra of the Fe(II) complexes of ligands 1-5, the 
wavelengths 355, 400.8 and 473 nm were selected for photo irradiation in the DNA 
cleavage study. Both CW and pulsed lasers were employed. To determine the light 
flux (R) of irradiation, the iron(III) oxalate/phenanthroline actinometer system was 
used. The values of power (P) determined by actinometry were in a good agreement 
with that measured by using the power sensor. Table 2 lists the values of R and P of 
laser set-ups employed in the present study. 




355 nm 355 nm 400.8 nm 473 nm 
R (photons·s
-1
) 5.7 × 10
15
 4.4 × 10
16
 5.2 × 10
15
 4.7 × 10
15
 3.5 × 10
16
 2.3 × 10
15
 7.2 × 10
16
 
P (mW) 3.2 24.6 2.9 2.6 17.4 1.2 30.3 
 
4.2.2 Effect of photo irradiation on DNA cleavage 
The DNA cleavage activities of the Fe(II) complexes of ligands 1-5, were 
investigated in the cleavage of supercoiled pUC18 (0.1 µg µL
-1
, 150 µM bp) in 10 
mM Tris-HCl buffer (pH 8.0) at 37 ºC in the absence of any external reagents within 
90 min under laser irradiation at 473, 400.8 and 355 nm, respectively. The final 
concentration of the cleaving agents was 1 µM based on Fe(II), with a stoichiometry 
of 1:150 with respect to DNA base pairs. All the experiments were carried out at least 
in triplicate independently.  
Table 3 and Figure 3-5 show the time dependence of DNA cleavage with Fe(II) 









 (CW 400.8 nm, 17.4 mW) 
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 (pulsed 355 nm, 24.6 mW), respectively. To facilitate 
comparison, the results under normal ambient lighting, which have been reported in 
Chapter 3, as well as the results of control experiments under photo irradiation 
without Fe(II)-N4Py complexes are also included in Table 2. Under photo irradiation, 
all five Fe(II) complexes investigated induced significantly more DNA cleavage 
within 90 min compared to under ambient conditions. Furthermore, DNA cleavage 
under photo irradiation continued over 90 min, which is in contrast with the 
experiments under ambient lighting, where the activity was significantly reduced 
after 60 min. (See section 3.3.1) Under ambient lighting, the Fe(II) complexes of 
ligands 1-5 induce single-strand DNA cleavage only. Similarly, under irradiation with 
light of 473 and 400.8 nm, only nicked and supercoiled DNA were present during the 
reaction (Figure 3 and 4). In contrast, under photo irradiation at 355 nm, formation of 
13 ~ 19% linear DNA was observed (Figure 5). In the absence of a cleaving agent, 
DNA cleavage was not observed under photo irradiation at 473 and 400.8 nm, 
however, at 355 nm a small degree of DNA cleavage (~ 16%) was observed (Table 3, 
entry 1). This is tentatively ascribed to Fenton-like chemistry resulting from traces of 
metal ions in solution.  




























1 - 90 0 0 0 16 ± 3 0 
10 7 ± 1 19 ± 2 18 ± 2 75 ± 1 3 ± 1 
4 Fe(II)-1 
90 22 ± 2 48 ± 1 58 ± 1 80 ± 1 13 ± 1 
10 7 ± 1 10 ± 2 16 ± 4 63 ± 4 
c 
5 Fe(II)-2 
90 29 ± 2 55 ± 2 80 ± 3 100 - 
10 5 ± 1 6 ± 1 7 ± 1 56 ± 3 1 ± 1 
6 Fe(II)-3 
90 18 ± 1 32 ± 1 31 ± 5 75 ± 2 19 ± 1 
10 3 ± 2 8 ± 1 12 ± 2 42 ± 4 0 
7 Fe(II)-4 
90 8 ± 2 36 ± 2 41 ± 3 75 ± 1 15 ± 2 
10 2 ± 1 2 ± 1 3 ± 1 43 ± 6 1 ± 1 
8 Fe(II)-5 
90 4 ± 1 9 ± 1 15 ± 3 72 ± 5 17 ± 3 
aOnly nicked DNA was formed; bBesides nicked DNA, linear DNA was also formed; cThe 
limit for accurate quantification is exceeded since more than 37% linear DNA was formed. 
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Figure 3 Time profile for cleavage of supercoiled DNA (■) to nicked (●) and linear (▲) DNA 
in 10 mM Tris-HCl (pH 8.0) at 37 ºC with 1.0 µM Fe(II)-1 (a), Fe(II)-2 (b), Fe(II)-3 (c), 










Figure 4 Time profile for cleavage of supercoiled DNA (■) to nicked (●) and linear (▲) DNA 
in 10 mM Tris-HCl (pH 8.0) at 37 ºC with 1.0 µM Fe(II)-1 (a), Fe(II)-2 (b), Fe(II)-3 (c), 
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Figure 5 Time profile for cleavage of supercoiled DNA (■) to nicked (●) and linear (▲) DNA 
in 10 mM Tris-HCl (pH 8.0) at 37 ºC with 1.0 µM Fe(II)-1 (a), Fe(II)-2 (b), Fe(II)-3 (c), 
Fe(II)-4 (d), Fe(II)-5 (e) under photo irradiation at 400.8 nm (24.6 mW). 
It is known that free Fe
2+
 salts and aromatic compounds are capable of inducing 
DNA cleavage under photo irradiation through Fenton-like chemistry and formation 
of ROS.
1 
The preparation of the complex in situ raises the possibility that incomplete 
complexation and thus free ligand and iron salts may be present in the reaction 





(SO4)2.6H2O, only the N4Py ligand 1, in situ prepared complex and a 
preformed complex [(N4Py)Fe
II
(CH3CN)](ClO4)2.2H2O to assess the activity in 
DNA cleavage under ambient lighting conditions and continuous photo irradiation at 
400.8 nm (1.2 mW) and 355 nm (2.6 mW). The results are listed in Table 3. Under all 
lighting conditions, the combination of (NH4)2Fe
II
(SO4)2.6H2O and ligand 1 showed 
the same activity as the preformed complex Fe(II)-1 within experimental uncertainty 
(Table 4, entry 3 and 4); in contrast (NH4)2Fe
II
(SO4)2.6H2O or ligand 1 alone did not 
induce significant DNA cleavage under any of the conditions employed. These 
observations confirm that the activity observed arises from the iron-N4Py complex. 
Control experiments using the free chromophores 9-aminoacridine and 
1,8-naphthalimide were also carried out; a significant amount of DNA cleavage was 
observed with 1,8-naphthalimide under photo irradiation at 355 nm (Table 4, entry 6). 
This is attributed to photo-sensitized DNA cleavage involving singlet oxygen.
1
 
Importantly, at 400.8 nm no DNA cleavage was observed with 1,8-naphthalimide. 
 
Table 4 Control experiments of DNA cleavage. 











(SO4)2.6H2O 30 0 2 ± 2 5 ± 3 
2 1 30 0 0 1 ± 1 
3 (NH4)2Fe
II(SO4)2.6H2O + 1 30 18 ± 3 43 ± 2 41 ± 10 
4 FeII-1 30 14 ± 1 37 ± 5 47 ± 12 
5 9-aminoacridine 30 0 5 ± 3 2 ± 2 
6 1,8-naphthalimide 30 0 0 15 ± 2 
 
Effect on DNA cleavage pathway. In the case of DNA cleavage under photo 
irradiation at 473 and 400.8 nm, only nicked DNA was formed and, hence, it can be 
concluded that only single-strand DNA cleavage takes place. The formation of linear 
DNA at 355 nm suggests that a double-strand cleavage pathway may be involved as 
well. Linear DNA can be produced by direct double-strand cleavage or by extensive 
single-strand cleavage. To distinguish between these different cleavage pathways the 
numbers of single-strand (n) and double-strand cuts (m) per DNA molecule were 
calculated for all time points by a statistic analysis using the Poisson distribution as 
described before
6,7
 and compared with the Freifelder-Trumbo relationship, which 
describes a pure single-strand cleavage pathway.
8
 Figure 6a shows the plots of the 
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number of double-strand cleavage (m) versus the number of single-strand cleavage (n) 
for the Fe(II) complexes of ligands 1-5 under photo irradiation at 355 nm. The dotted 
line is the theoretical curve following from the Freifelder-Trumbo relationship. For 
Fe(II)-1-5 the values of m and n increased in time, which is consistent with continued 
DNA cleavage over 90 min (Figure 5). The m/n plot of complex Fe(II)-2 approaches 
the Freifelder-Trumbo relationship, which suggests this is predominantly a 
single-strand DNA cleaving agent. In case of Fe(II)-1, Fe(II)-3, Fe(II)-4 and Fe(II)-5, 
the m/n plots deviate more strongly from the Freifelder-Trumbo relationship, 
indicating that in addition to single-strand cleavage, direct double-strand cleavage 
occurs also. Furthermore, since the m/n plots of Fe(II)-4 and Fe(II)-5 deviate more 
from the Freifelder-Trumbo relationship than Fe(II)-1 and Fe(II)-3, it can be 
concluded that more direct double-strand DNA cleavage was induced by the former 
complexes. 
 
Figure 6 Number of double-strand cuts (m) as a function of single-strand cuts (n) per DNA 
molecule (a) under photo irradiation at 355 nm for Fe(II)-1 (■), Fe(II)-2 (■), Fe(II)-3 (■), 
Fe(II)-4 (■) and Fe(II)-5 (■); (b) for Fe(II)-4 in the presence of 1000 equiv. DTT (■) and under 
pulsed irradiation at 355 nm (24.6 mW) (■). Error bars represent the maximum and the 
minimum values of n and m. Dotted lines describe a pure single-strand cleavage pathway, as 
described by the Freifelder-Trumbo relationship.8a 
Fe(II)-4 is also capable of inducing direct double-strand cleavage in the presence 
of 1000 equiv. of reducing agent DTT. (See section 3.3.2) The comparison of the m/n 
plots of Fe(II)-4 under photo irradiation at 355 nm and with DTT show that more 
double-strand cleavage activity was observed under photo irradiation (Figure 6b). 
Another notable observation is that under photo irradiation at 355 nm the m/n plot 
deviates from the Freifelder-Trumbo relationship from the beginning. This suggests 
that both dsc and ssc occur from the start of the reaction. In contrast, in the absence 
of laser excitation and in the presence of DTT the m/n plot first approximates the 
Chapter 4 
 88 
Freifelder-Trumbo relationship and later deviates from it, indicating that 
double-strand cleavage occurs only after a significant amount of nicked DNA has 
been formed (Figure 6b). 
Effect on cleavage rate. For DNA cleavage processes involving only single-strand 
cleavage, the number of single-strand cuts (n) at different time points were calculated 
and plotted against time to obtain the pseudo-first-order rate constant kobs (Figure 7). 
The apparent pseudo-first-order rate constant k
*
 is obtained from kobs taking into 
account the concentrations of DNA and Fe(II) complexes. The values of k
*
 for DNA 
cleavage with Fe(II) complexes of ligands 1-5 under ambient lighting and photo 
irradiation are listed in Table 5. 

















1 FeII-1 0.197 ± 0.017a 0.372 ± 0.034 0.519 ± 0.056 c 
2 FeII-2 0.197 ± 0.006 0.474 ± 0.011 0.998 ± 0.034 11.1 ± 0.85d 
3 FeII-3 0.158 ± 0.011a 0.243 ± 0.011 0.248 ± 0.017 c 
4 FeII-4 b 0.259 ± 0.023 0.321 ± 0.028 c 
5 FeII-5 b 0.051 ± 0.006 0.090 ± 0.006 c 
aThe cleavage rate was obtained within 60 min;16f bThe cleavage rate can not be obtained 
due to the small numbers of single-strand cuts (n);16f cThe cleavage rate can not be obtained 
since a double-strand cleavage pathway is involved; dThe cleavage rate was obtained within 60 
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Figure 7 Number of single-strand cuts (n) as a function of time per DNA molecule for (a) 
Fe(II)-1 (■), Fe(II)-2 (■), Fe(II)-3 (■), Fe(II)-4 (■) and Fe(II)-5 (■) under photo irradiation at 
473 nm (30.3 mW); (b) Fe(II)-1 (■), Fe(II)-2 (■), Fe(II)-3 (■), Fe(II)-4 (■) and Fe(II)-5 (■) 
under photo irradiation at 400 nm (17.4 mW); (c) Fe(II)-2 under ambient lighting (■) and 
photo irradiation at 355 nm (24.6 mW) (■). Dashed lines represent the linear fit through the 




With photo irradiation, the DNA cleavage processes are significantly faster than 
under ambient lighting. The single-strand DNA cleavage activity of Fe(II)-1-5 under 
photo irradiation at 473 nm was significantly higher than under ambient lighting and 
the highest activity was found with Fe(II)-2. Under photo irradiation at 400.8 nm, the 
k
*
 for all complexes is higher than at 473 nm and the same trend in k
*
 was observed 
for the complexes, i.e. that the largest value of k
*
 was obtained with Fe(II)-2. Under 
photo irradiation at 355 nm, dsc activity was observed with Fe(II)-1 and Fe(II)-3-5, 
therefore, the apparent rate constants were not calculable. In the case of Fe(II)-2, 
only ssc was observed, with an increase in k
*




 under ambient 




 at 355 nm, which corresponds to a 56-fold acceleration 
of the DNA cleavage process (Table 5, entry 2).  
Notably, it was observed that the activity of the parent complex Fe(II)-1 is higher 
than that of the naphthalimide conjugated complexes Fe(II)-3-5 under both ambient 
lighting and photo irradiation, indicating that the naphthalimide moiety does not 
contribute favourably to the DNA cleavage activity. The single-strand DNA cleavage 
activity of Fe(II)-5, with two covalently appended 1,8-naphthalimide moieties, is 
significantly smaller than that of Fe(II)-3 and Fe(II)-4 under photo irradiation at 473 
nm and 400.8 nm, strongly suggesting a negative influence of the second 
1,8-naphthalimide moiety. 
Negative effect of DNA binding moiety 1,8-naphthalimide. In order to gain an 
insight into the lower activity found for the naphthalimide derived ligands, UV-Vis 
absorption and fluorescence emission measurements were performed for ligands 3-5 
and their corresponding iron(II) complexes. The fluorescence response of 3-5 upon 
addition of 1 equiv. of Fe
2+
 was investigated in 10 mM Tris-HCl buffer (pH 8.0) at 20 
ºC (Figure 8). For ligands 3 and 4, addition of Fe
2+
 caused a significant decrease in 
the fluorescence emission intensity, which suggests electron and (or) energy transfer 
between the photoexcited fluorophore, i.e. naphthalimide, and the iron center bound 
to N4Py. A higher degree of quenching of fluorescence emission was observed with 4 
containing a longer linker, indicating a stronger interaction. This is most likely the 
result of the higher structural flexibility of Fe(II)-4, which facilitates interaction 
between the Fe(II) center and the naphthalimide. As a result, both are less available 
for interaction with the DNA, resulting in a lower DNA cleavage activity. As 
mentioned above, the UV-vis absorption spectra suggested that aggregates of Fe(II)-5 
were formed in aqueous solution even at low concentrations (Figure 2). In agreement 
with this observation, an excimer emission was observed for both free ligand 5 and 
complex Fe(II)-5. The quantum yield (Φf) of fluorescence of ligands 3-5 and 
complex Fe(II)-3-5 are listed in Table 6. Photo induced electron and (or) energy 
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transfer between the excited naphthalimide and the iron center may account for the 
decrease in Φf of Fe(II)-3-5 compared to ligands 3-5. The observed aggregation of 
Fe(II)-5 is most likely the cause of the lower DNA cleavage activity. 
 
 
Figure 8 Fluorescence emission spectra in 10 mM Tris-HCl buffer (pH 8.0) at 20 ºC for (a) 1 µM 3 
(―) and Fe(II)-3 (―); (b) 8 µM 4 (―) and Fe(II)-4 (―); (c) 1 µM 5 (―) and Fe(II)-5 (―). 
 












4.2.3 Power dependence of the photo irradiation effect  
The power dependence of the DNA cleavage activity of Fe-2, which is the most 
active complex in the study described above, was investigated at 355 nm using a CW 




 (2.9 mW) and pulsed laser, with a 








 (24.6 mW), 
respectively. Figure 9 shows the average numbers of single-strand cuts (n) of Fe-2 at 
30 min. A similar DNA cleavage activity was observed with the CW and pulsed laser 
at similar light flux, with a n of 0.899 ± 0.054 and 0.898 ± 0.050, respectively. This 
suggests that pulsed and continuous irradiation of the same power affect the DNA 
cleavage processes comparably. The increase in DNA cleavage activity observed 




 (24.6 mW) 
demonstrates that the cleavage process is approximately linearly dependent on 
irradiation power. 
 
Figure 9 Calculated average numbers of single-strand cuts per DNA molecule (n) of Fe-2 at 30 
min. (1) under ambient lighting; (2) CW laser 355 nm (2.9 mW); (3) pulsed laser 355 nm (3.2 
mW); (4) pulsed laser 355 nm (24.6 mW). 
4.3 Reactive oxygen species in DNA cleavage under photo irradiation  
The nature of the reactive oxygen species (ROS) involved in the photo enhanced 
DNA cleavage was investigated by addition of a series of mechanistic probes. The 





 dimethyl sulfoxide (DMSO), which acts as a hydroxyl radical 
scavenger,
10
 superoxide dismutase (SOD), which converts superoxide radicals into 
O2 and H2O2,
11
 and catalase, which converts H2O2 into O2 and H2O.
12
 These 
investigations were focussed on the parent complex Fe(II)-1. With complexes 
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Fe(II)-2-5, which are more strongly bound to DNA due to the covalently attached 
DNA-binding moiety, it may be difficult to intercept any reactive oxygen species 
with a scavenger before DNA damage occurs, which would potentially skew 
mechanistic conclusions.  
Table 7, and Figure 10 show the average numbers of single-strand cuts (n) of Fe-1 
with different scavengers at 30 min under ambient lighting and photo irradiation at 
473, 400.8, and 355 nm, respectively. As reported in Chapter 3.6, the activity of 
Fe(II)-1 under ambient lighting involves superoxide radicals. As a consequence, 
DNA cleavage activity is not affected by the presence of NaN3 and DMSO, but 
significantly reduced by the presence of SOD and SOD in combination with catalase. 
Under photo irradiation, the DNA cleavage efficacy of Fe-1 was inhibited by all 
scavengers, albeit to various extents and depending on the wavelength used. This 






, which is in marked contrast with Fe-1 under ambient lighting.  
 




No additive NaN3 DMSO SOD SOD + catalase 
Ambient 
lighting 



















1.00 ± 0.06 
400.8 nm 
(17 mW) 
0.474 ± 0.034 0.355 ± 0.031 0.365 ± 0.032 0.372 ± 0.033 0.130 ± 0.033 
473 nm 
(30 mW) 
0.365 ± 0.034 0.306 ± 0.033 0.218 ± 0.031 0.264 ± 0.030 0.118 ± 0.029 






Figure 10 Calculated average numbers of single-strand cuts per DNA molecule (n) of Fe-1 at 
30 min with ROS scavengers under (a) ambient lighting; (b) 473 nm (CW laser, 30.3 mW); (c) 
400.8 nm (CW laser, 17.4 mW); (d) 355 nm (pulsed laser, 24.6 mW), inset: numbers of 
double-strand cuts (m). Concentrations: 1.0 µM Fe(II)-N4Py, 0.1 µg/µl pUC18 plasmid DNA 
(150 µM bp), 1.0 mM NaN3, 1.0 mM DMSO, 1.0-5.0 U SOD and 1.0-5.0 U SOD with 1.0-2.5 
U catalase.  
Under photo irradiation at 473 nm, a small decrease in the single-strand cleavage 
activity of Fe-1 was observed by addition of NaN3 (~ 16%) and SOD (~ 18%). The 
addition of DMSO resulted in a moderate drop (~ 40%) of activity. A strong 
inhibition (~ 68%) was observed upon addition of SOD and catalase together (Table 
7, Figure 10b). A similar pattern was observed when excitation at 400.8 nm was 
employed. The addition of NaN3, DMSO and SOD gave rise to a small decrease (~ 
20%) of activity, respectively, and the addition of of SOD and catalase together 
resulted in a strong decrease of activity (~ 73%) (Table 7, Figure 10c). At 355 nm, 
the addition of NaN3, SOD and SOD combined with catalase resulted in a moderate 
drop (~ 40%) in the single-strand cleavage activity of Fe-1 while the addition of 
DMSO resulted in a smaller extent of inhibition (~ 20%) (Table 7, Figure 10d). 
Interestingly, in the case where SOD and catalase were added together, double-strand 
DNA cleavage was inhibited completely (Figure 10d, inset). These results 
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, to the total activity of Fe(II)-1 under photo irradiation, is dependent on 
the conditions of photo irradiation and that O2
•-
 is of particular importance for the 
observed activity. 
4.4 Discussion 
4.4.1 Fe(II)-N4Py under photo irradiation  
Notably, it was observed that the parent Fe(II)-N4Py complex, Fe(II)-1, without 
appended chromophores, already displays significantly enhanced DNA cleavage 
activity under photo irradiation. Marked differences were observed in the DNA 
cleavage with Fe(II)-1, depending on the wavelength used for photo irradiation. 
Considerably more DNA cleavage was found under photo irradiation generated with 
a pulsed laser at 355 nm compared to the CW laser at 473 nm and 400.8 nm. This can 
be attributed only partly to an increased light induced background reaction at 355 nm, 
which does not occur at 473 and 400.8 nm (Table 3, entry 1). Furthermore, under 
irradiation at 355 nm also direct double-strand cleavage was observed, whereas at 
473 and 400.8 nm pure single-strand cleavage was observed. These results suggest 
that by irradiation with 355 nm, a wide range of reactive oxygen species may be 
generated compared to at longer wavelengths. Indeed, the mechanistic probes 
employed also resulted in different inhibition patterns depending on the wavelength 
used. 
At all wavelengths investigated, SOD combined with catalase generally gave rise 
to the most significant degree of inhibition, suggesting that also under photo 
irradiation, O2
•-
 is the dominant contributor to the DNA cleavage activity of Fe(II)-1. 
This is similar to what was found for the cleavage reaction under ambient lighting. 
However, under photoirradiation inhibition is also observed to a variable extent with 
the other reactive oxygen species scavengers employed, which is in contrast with the 
cleavage reactions under ambient lighting. The inhibition pattern observed in the case 
of irradiation at 355 nm is in contrast with that observed at 473 and 400.8 nm. At 355 
nm in particular significant inhibition is observed upon addition of NaN3, which 
indicates involvement of singlet oxygen. To a lesser extent, inhibition by DMSO is 
observed, which could be indicative of the involvement of HO
•
.  
There are several possible rationalizations for the significant effect of photo 
irradiation on DNA cleavage with Fe(II)-1. Since at higher irradiation wavelengths 
superoxide radicals are the dominant contributor to the observed DNA cleavage 
activity, it can be assumed that electron transfer processes, resulting in the reduction 
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of O2 to O2
•-
, play an important role. Superoxide radicals were also proposed as the 
key species involved in the Fe(II)-1 mediated DNA cleavage under ambient lighting. 
(Paragraph 3.6) Therefore, this suggests that while photoirradation leads to a more 
efficient DNA cleavage process it does not fundamentally alter the DNA cleavage 
chemistry. Our hypothesis is that photoinduced spin-crossover transitions following 
MLCT (metal-to-ligand-charge-transfer) excitation
13
 yield high spin state Fe(II) 
complexes that can engage in electron transfer to dioxygen. This step is the key to the 
observed increase in DNA cleavage activity. Alternatively, light induced dissociation 
of a coordinated solvent molecule to generate a vacant coordination site, 
accompanied by a low-spin to high-spin transition, would generate a species capable 
of reacting with O2 to generate superoxide radicals or that will react with superoxide 
to produce the active Fe(III)-OOH intermediate. This is analogous to earlier reports 
in which photo excitation at 355 nm in the presence of O2 resulted in the dissociation 
















At 355 nm more than one ROS were demonstrated to be involved in DNA 
cleavage. Therefore, it is likely that in this case more than one light induced process 
is contributing to the overall activity. In addition to the processes that result in the 
formation of superoxide, as described above, it is likely that photosensitized 
generation of 
1
O2 is also involved. This could occur through ligand based photo 




 It has been reported that photo generated 
1
O2 is 
mainly affecting oxidation of DNA nucleobases, preferentially guanines, rather than 
cleavage of phosphate-deoxyribose backbones.
16,17
 
 Photogeneration of HO
•
 can also promote DNA cleavage since HO
•
 is a reactive 
species capable of abstracting hydrogen atoms from the deoxyribose moieties of 
DNA. The resultant sugar radicals are known to result in base release and associated 
single-strand DNA cleavage.
3g,18-20
 The involvement of HO
•
 in DNA cleavage with 
Fe(II)-1 under photo irradiation was observed, however, albeit only to a minor extent. 
Furthermore, it should be noted that homolytic scission of the O-O bond in 
N4Py-Fe(III)-OOH, which is proposed to be the active species or precursor for DNA 





4.4.2 Chromophore attached Fe(II)-N4Py under photo irradiation 
Fe(II)-2, which contains a covalently attached 9-aminoacridine moiety, exhibited 
higher activity than Fe(II)-1 under photo irradiation. Acridine derivatives and 
analogues such as acridine orange and proflavin are capable of photocleavage of 






 Furthermore, photo reduction of Fe(III) 
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to Fe(II) can be effected by electron transfer from the photochemically excited triplet 
states of acridine orange, proflavin and other 3,6-acridinediamines.
5c,23,24
 Therefore, 
it is hypothesized that the higher activity of Fe(II)-2 results from a combination of 
acridine-sensitized generation of O2
•-
 and photoreduction of iron(III) back to iron(II) 
which can then engage in another DNA cleavage event. Combined these processes 
should dramatically increase the formation of the active oxidant N4Py-Fe(III)-OOH. 
Additionally, the strong DNA binding affinity provided by the 9-aminoacridine 
moiety is also expected to contribute favorably to the observed DNA cleavage 
activity, as described in Chapter 3. Finally, electron transfer from the DNA 
nucleobases, especially guanines, to the photo excited 9-aminoacridine moiety may 
further increase its electron donor ability.
3g
  
For Fe(II)-3-5, which contain 1,8-naphthalimide moieties, it has been proposed 
that the interaction between the Fe(II)-N4Py core and naphthalimide accounts for 
their lower activity. Indeed, naphthalimides are well known model acceptors for 
photoinduced electron transfer in photophysical studies.
1f,25
 Therefore, intra- 
molecular electron transfer from the Fe(II) center to the naphthalimide moieties may 
compete with the reduction of O2 to O2
•-
 resulting in the formation of Fe(III) species, 
and thereby reduce activity. 
4.4.3 Comparison with other photoactive iron complexes  
A variety of iron complexes capable of DNA cleavage under photo irradiation have 
been reported, which are summarized in Table 8. O2
•-
 was also found to be the key 
intermediate in photo irradiated DNA cleavage induced with Fe(III) complex of 
acridine-imidazole conjugate (Table 8, entry 3; Figure 11, L2), however, further 
discussion on reaction mechanism and reactive species were not provided.
5c
 For the 





 were proposed to be the dominant reactive 
intermediates. The present N4Py derived Fe(II) complexes are different from the 
reported examples in the literature in that Fe(II)-N4Py complexes are already active 
in DNA cleavage without photo irradiation. Depending on the light source, photo 





 are involved but the dominant ROS species are O2
•-
. These may 
give rise to the formation of N4Py-Fe(III)-OOH species, which are proposed to be 
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0.007:1 355, 400.8, 473 This work 
L1 = 3-hydroxy-1,2,3-benzotriazine-4(3H)-one; L2 = N,N’-bis[2-[bis(1H-imidazol-4-ylmethyl) 
amino]ethyl]- 3,6-acridinediamine; L3 and L4 see ref. 20d; B, 1,10-phenanthroline (phen), 
dipyridoquinoxaline (dpq), and dipyridophenazine (dppz); L5 = (2-bis-[3,5-di(tert-butyl) 
-2-hydroxybenzyl]aminoacetic acid; L6 = N-salicylidene- arginine, hydroxynaphthylidene- 
arginine, and N-salicylidene-lysine. (Figure 11) 
 
Figure 11 Ligands involved in Table 8. 
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4.5 Conclusions 
The photo irradiation of Fe(II) complexes of monotopic N4Py ligands 1-5 at 473, 
400.8 and 355 nm induced significantly increased DNA cleavage activity under 
aerobic conditions without any external reducing agent. The characteristics of the 
observed activity of these mono-nuclear Fe(II)-N4Py complexes depended strongly 
on their structures and in particular on the chromophores that were covalently 
attached to N4Py ligand. The parent Fe(II)-N4Py complex, Fe(II)-1, that does not 
contain covalently appended chromophores, already displays significantly enhanced 
DNA cleavage activity under photo irradiation. Interestingly, the order of activity was 
found to be Fe(II)-2 > Fe(II)-1 > Fe(II)-3-5 under all the photo irradiation conditions 
employed in the study, where a covalently linked 9-aminoacridine moiety led to 
increased activity but covalently attached 1,8-naphthalimide moieties resulted in less 
efficient activity compared to the parent complex Fe(II)-1. The lower activity of the 
complexes containing naphthalimide moieties was attributed to interaction of the 
Fe(II) center and the naphthalimide. The difference between the electronic properties 
of 9-aminoacridine and 1,8-naphthalimide is likely to influence the reduction of 
Fe(III)N4Py back to Fe(II)-N4Py via photoinduced intramolecular electron transfer, 
and thus effect DNA cleavage activity. 
With continuous photo irradiation at 473 nm (30.3 mW) and 400.8 nm (17.4 mW), 
Fe(II)-1-5 effected significantly enhanced single-strand DNA cleavage compared to 
ambient lighting conditions. With pulsed irradiation at 355 nm (24.6 mW), the 
enhancement of activity is more pronounced, which is attributed to the 
co-involvement of other reactive oxygen species that are photochemically generated. 
In some cases at 355 nm, this resulted in direct double-strand DNA cleavage in 
addition to single-strand DNA cleavage. 







contribute to the total DNA cleavage activity to different 
extents depending on the wavelength used. In all cases O2
•- 
plays a dominant role. It 
is proposed that O2
•-
 reacts with the Fe(II) iron complexes to give the active species 
or precursor, most likely Fe(III)-peroxo and (or) Fe(III)-hydroperoxide complexes. 
For the DNA cleavage process under ambient lighting, the same species were 
proposed to be involved. (See section 3.6) Therefore, it is concluded that the 
mechanism of the DNA cleavage process itself is not changed by photoirradiation. 
Rather, the higher activity under photo irradiation is due to the increased rate of 
production of reactive oxygen species, in particular O2
•-
. The detailed origin of the 
photoactivation of Fe(II)-N4Py complexes in DNA cleavage is currently under 
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investigation. Importantly, the significant enhancement of DNA cleavage activity of 
Fe(II)-1-5 under photo irradiation at 473 and 400.8 nm, suggests that enhanced 
activity of Fe(II)-N4Py complexes at wavelengths of 600-800 nm is feasible via 
two-photon excitation, which is of potential interest for the development of metal 
based DNA cleaving agents in photo dynamic therapy.
3d,15e 
 
4.6 Experimental section 
Materials and instrumentation  
All reagents and solvents were used as purchased without further purification unless 
noted otherwise. Ligands 1-5 were synthesized according to literature procedures
26
 
and all data are in agreement with those reported. UV-Vis spectra were recorded 
using 1 cm or 5 cm path length quartz cells on a Jasco V-660 spectrophotometer. 
Absorption maxima are ± 2 nm; molar absorptivities are ± 5%. Corrected 
fluorescence excitation and emission spectra were recorded in 10 mm path length 
cells on a Jasco FP-6200 spectrofluorimeter. All spectra were recorded at 20 ºC. 
Photo irradiation was performed by using continuous wave (CW) lasers (473 nm, 
100 mW at source, Cobolt ; 400.8 nm, 50 mW at source, PowerTechnology; 355 nm, 
10 mW at source, Cobolt) and pulsed lasers (355 nm, 6-8 ns, 10 Hz, Spitlight 200, 
Innolas). The power of the laser excitation at the sample was calculated using the 
quantum counter ferrioxalate, and verified using a power sensor (PM10V1, with a 
FieldMate Laser Power Meter, Coherent).  
Determination of irradiation power and quantum yield  
The iron(III) oxalate/phenanthroline actinometer system was used to determine the 
light flux (R) of irradiation.
27
 The power (P) at the sample was calculated using 
Equation (1), in which Ep is the energy of one photon, h is Planks constant (6.626 × 
10
-34




 ), λ is the wavelength of light source 
(473, 400.8 and 355 nm). The values of power determined by actinometry are in a 
good agreement with that measured by using the power sensor. Detailed information 






==  (1) 
Quantum yields of fluorescence, Φf, were determined using 9-methylanthracene, 
Φf = 0.27 in ethanol, as a reference.
27
 Details of Φf measurements are provided as 
supporting information. 
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DNA cleavage experiments  
Iron(II) complexes of ligands 1 and 2 were dissolved in H2O. 1 equiv. of 
(NH4)2Fe
II
(SO4)2.6H2O was added to solutions of ligands 1 and 3-5 in H2O to 
generate the corresponding iron(II) complexes in situ. 1% v/v DMF was used to aid 
the dissolution of ligands 3-5 in H2O. The respective iron(II) complex solutions were 
added to a buffered solution (10 mM Tris-HCl, pH 8.0) of supercoiled pUC18 
plasmid DNA in 1.5 mL eppendorfs. When ROS scavengers were employed, all the 
additives were added to the buffered DNA solution prior to the addition of reductant 
and complex. The reaction solutions, with a final volume of 50 µL and a final 
concentration of 1.0 µM iron(II) complex, 0.1 µg µL
-1
 DNA (150 µM in base pairs), 
were incubated at 37 ºC in the dark under laser irradiation with 473, 400.8 or 355 nm 
light. Light beams covered the top surface of the reaction solutions and passed 
through the reaction solutions vertically. Figure 12 shows the set-up. 
 
Figure 12 Experimental set-up for DNA cleavage experiments under photo irradiation. 
Samples (2 µL) were taken from the irradiated reaction solutions at the time points 
indicated, and quenched by addition to 15 µL of a NaCN solution (1 mg ml
-1
, 
containing 2040 equiv. NaCN with respect to Fe(II)-N4Py ) with 3 µL loading buffer 
(consisting of 0.08% bromophenol blue and 40% sucrose, 6 × conc.) and 
immediately frozen in liquid nitrogen. The samples were run on 1.2% agarose gels in 
1 × Tris-acetate-EDTA (TAE) buffer for at least 90 min at 70 V. Gels were stained in 
an ethidium bromide (EtBr) bath (1.0 µg mL
-1
) for 45 min and then washed with gel 
running buffer. Quantification was performed by fluorescence imaging and a 
correction factor of 1.31 was used to compensate for the reduced EtBr uptake 
capacity of supercoiled plasmid pUC18 DNA.
16d
 All data are the average of cleavage 
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experiments that were performed at least in triplicate. 
Quantification of ssc and dsc See section 2.1.4  
Calculation of cleavage rate See section 2.1.5  
 
References 
[1] For examples, see: (a) O. Buchardt, M. Egholm, G. Karup, P. E. Nielsen, J. Chem. 
Soc., Chem. Commun. 1987, 1696; (b) P. E. Nielsen, C. Jeppesen, M. Egholm, O. 
Buchardt, Nucl. Acids Res. 1988, 16, 3877; (c) I. Saito, M. Takayama, S. Kawanishi, J. 
Am. Chem. Soc. 1995, 117, 5590; (d) B. M. Aveline, S. Matsugo, R. W. Redmond, J. Am. 
Chem. Soc. 1997, 119, 11785; (e) J. E. Rogers, B. Abraham, A. Rostkowski, L. A. Kelly, 
Photochem. Photobiol. 2001, 74, 521; (f) T. Da Ros, G. Spalluto, A. S. Boutorine, R. V. 
Bensasson, M. Prato, Curr. Pharm. Des. 2001, 7, 1781; (g) J. Joseph, N. V. Eldho, D. 
Ramaiah, Chem. Eur. J. 2003, 9, 5926; (h) Y. Xu, X. Huang, X. Qian, W. Yao, Bioorg. 
Med. Chem. 2004, 12, 2335; (i) M.-J. Fernández, B. Wilson, M. Palacios, M.-M. Rodrigo, 
K. B. Grant, A. Lorente, Bioconjugate Chem. 2007, 18, 121. 
[2] B. Armitage, Chem. Rev. 1998, 98, 1171. 
[3] For examples of metal complexes inducing DNA photocleavage, see: (a) D. R. 
McMillin, K. M. McNett, Chem. Rev. 1998, 98, 1201; (b) H. Ali; J. E. van Lier, Chem. 
Rev. 1999, 99, 2379; (c) M.-P. Teulade-Fichou, D. Perrin, A. Boutorine, D. Polverari, J.-P. 
Vigneron, J.-M. Lehn, J.-S. Sun, T. Garestier, C. Hélène, J. Am. Chem. Soc. 2001, 123, 
9283; (d) K. Szaciłowski, W. Macyk, A. Drzewiecka-Matuszek, M. Brindell, G. Stochel, 
Chem. Rev. 2005, 105, 2647; (e) M. Roy, B. Pathak, A. K. Patra, E. D. Jemmis, M. 
Nethaji, A. R. Chakravarty, Inorg. Chem. 2007, 46, 11122; (f) Y. Ishikawa, N. Yamakawa, 
T. Uno, Bioorg. Med. Chem. 2007, 15, 5230; (g) A. Kumar, M. D. Sevilla, Chem. Rev. 
2010, 110, 7002. 
[4] For recent examples of Rh and Ru complexes inducing DNA photocleavage, see: (a) 
H. T. Chifotides, K. R. Dunbar, Acc. Chem. Res. 2005, 38, 146; (b) B. Elias, A. Kirsch-De 
Mesmaeker, Coord. Chem. Rev. 2006, 250, 1627; (c) A. Jain, J. Wang, E. R. Mashack, B. 
S. J. Winkel, K. J. Brewer, Inorg. Chem. 2009, 48, 9077; (d) R. J. Ernst, H. Song, J. K. 
Barton, J. Am. Chem. Soc. 2009, 131, 2359; (e) J. D. Aguirre, A. M. Angeles-Boza, A. 
Chouai, J.-P. Pellois, C. Turro, K. R. Dunbar, J. Am. Chem. Soc. 2009, 131, 11353; (f) L. 
E. Joyce, J. D. Aguirre, A. M. Angeles-Boza, A. Chouai, P. K.-L. Fu, K. R. Dunbar, C. 
Turro, Inorg. Chem. 2010, 49, 5371; (g) Y. Sun, L. E. Joyce, N. M. Dickson, C. 
Turro, Chem. Commun. 2010, 2426. 
[5] (a) T. D. Maurer, B. J. Kraft, S. M. Lato, J. M. Zaleski, A. D. Ellington, Chem. 
Photo Enhanced DNA Cleavage with Fe(II)-N4Py Complexes 
 103 
Commun. 2000, 69; (b) D. L. Mohler, E. K. Barnhardt, A. L. Hurley, J. Org. Chem. 2002, 
67, 4982; (c) B. Wilson, L. Gude, M. Fernández, A. Lorente, K. B. Grant, Inorg. Chem. 
2005, 44, 6159; (d) A. Mukherjee, S. Dhar, M. Nethaji, A. R. Chakravarty, Dalton Trans. 
2005, 349; (e) M. Roy, T. Bhowmick, R. Santhanagopal, S. Ramakumar, A. R. 
Chakravarty, Dalton Trans. 2009, 4671; (f) S. Saha, R. Majumdar, M. Roy, R. R. Dighe, 
A. R. Chakravarty, Inorg. Chem. 2009, 48, 2652; (g) M. S. A. Begum, S. Saha, M. 
Nethaji, A. R. Chakravarty, J. Inorg. Biochem. 2010, 104, 477. 
[6] (a) T. A. van den Berg, B. L. Feringa, G. Roelfes, Chem. Commun. 2007, 180; (b) R. P. 
Megens, T. A. van den Berg, A. D. de Bruijn, B. L. Feringa, G. Roelfes, Chem. Eur J. 
2009, 15, 1723. 
[7] T. A. ven den Berg, PhD Thesis, University of Groningen, 2008. 
[8] (a) D. Freifelder, B. Trumbo, Biopolymers 1969, 7, 681; (b) R. Cowan, C. M. Collis, J. 
W. Grigg, J. Theor. Biol. 1987, 127, 229. 
[9] N. Hasty, P. B. Merkel, P. Radlick, D. R. Kearns, Tetrahedron Lett. 1972, 1, 49. 
[10] J. E. Repine, O. W. Pfenninger, D. W. Talmage, E. M. Berger, D. E. Pettijohn, Proc. 
Natl. Acad. Sci. U. S. A. 1981, 78, 1001. 
[11] (a) J. M. McCord, I. Fridovic, J. Biol. Chem. 1969, 244, 6049; (b) M. S. Lah, M. M. 
Dixon, K. A. Pattridge, W. C. Stallings, J. A. Fee, M. L. Ludwig, Biochemistry 1995, 34, 
1646; (c) G. C. Dismukes, Chem. Rev. 1996, 96, 2909; (d) C. K. Vance, A. F. Miller, 
Biochemistry 2001, 40, 13079. 
[12] A. J. Wu, J. E. Penner-Hahn, V. L. Pecoraro, Chem. Rev. 2004, 104, 903. 
[13] (a) S. Decurtins, P. Gütlich, C. P. Köhler, H. Spiering, A. Hauser, Chem. Phys. Lett. 
1984, 105, 1; (b) A. Hauser, P. Gütlich, H. Spiering, Inorg. Chem. 1986, 25, 4245; (c) H. 
Toftlund, Monatsh. Chem. 2001, 132, 1269; (d) C. Brady, P. L. Callaghan, Z. Ciunik, C. G. 
Coates, A. Dossing, A. Hazell, J. J. McGarvey, S. Schenker, H. Toftlund, A. X. Trautwein, 
H. Winkler, J. A. Wolny, Inorg. Chem. 2004, 43, 4289. 
[14] H. C. Fry, D. V. Scaltrito, K. D. Karlin, G. J. Meyer, J. Am Chem. Soc. 2003, 125, 
11866. 
[15] (a) C. S. Foote, Acc. Chem. Res. 1968, 1, 1040; (b) D. R. Kearns, Chem. Rev. 1971, 
71, 395; (c)W. M. McClain, Acc. Chem. Res. 1974, 7, 129; (d) C. Schweitzer, R. Schmidt, 
Chem. Rev. 2003, 103, 1685; (e) J. P. Celli, B. Q. Spring, I. Rizvi, C. L. Evans, K. S. 
Samkoe, S. Verma, B. W. Pogue, T. Hasan, Chem. Rev. 2010, 110, 2795. 
[16] B. Meunier, G. Pratviel, J. Bernadou, Bull. Soc. Chim. Fr. 1994, 131, 933. 
[17] C. J. Burrows, J. G. Muller, Chem. Rev. 1998, 98, 1109. 
Chapter 4 
 104 
[18] W. K. Pogozelski, T. D. Tullius, Chem. Rev. 1998, 98, 1089. 
[19] C. J. Burrows, J. G. Muller, Chem. Rev. 1998, 98, 1109. 
[20] A. Adhikary, A. Kumar, M. D. Sevilla, Radiat. Res. 2006, 165, 479. 
[21] G. Roelfes, M. Lubben, R. Hage, L. Que, Jr., B. L. Feringa, Chem. Eur. J. 2000, 6, 
2152. 
[22] (a) D. Freifelder, P. F. Davison, E. P. Geiduschek, Biophys. J. 1961, 1, 389; (b) J. 
Piette, C. M. Calberg-Bacq, A. van de Vorst, Photochem. Photobiol. 1979, 30, 369; (c) J. 
Piette, M. Lopez, C. M. Calberg-Bacq, A. van de Vorst, Int. J. Radiat. Biol. 1981, 40, 427; 
(d) B. E. Bowler, S. Hollis, S. J. Lippard, J. Am. Chem. Soc. 1984, 106, 6102. 
[23] G. K. Oster, J. Am. Chem. Soc. 1959, 81, 5543. 
[24] A. Kellmann, Photochem. Photobiol. 1974, 20, 103. 
[25] For examples, see: (a) A. P. De Silva, H. Q. N. Gunaratne, J. Habib-Jiwan, C. P. 
McCoy, T. E. Rice, J. Soumillion, Angew. Chem., Int. Ed. Engl. 1995, 34, 1728; (b) S. I. 
van Dijk, C. P. Groen, F. Hartl, A. M. Brouwer, J. W. Verhoeven, J. Am. Chem. Soc. 1996, 
118, 8425; (c) K. Kawai, Y. Osakada, T. Takada, M. Fujitsuka, T. Majima, J. Am. Chem. 
Soc. 2004, 126, 12843; (d) A. L. Thompson, T.-S. Ahn, K.R. Justin Thomas, S. 
Thayumanavan, T. J. Martínez, C. J. Bardeen, J. Am. Chem. Soc. 2005, 127, 16348. 
[26] (a) M. Lubben, A. Meetsma, E. C. Wilkinson, B. L. Feringa, L. Que, Jr., Angew. 
Chem., Int. Ed. Engl. 1995, 34, 1512; (b) G. Roelfes, M. E. Branum, L. Wang, L. Que, Jr., 
B. L. Feringa, J. Am. Chem. Soc. 2000, 122, 11517; (c) Gerard Roelfes, PhD Thesis, 
Rijksuniversiteit Groningen, 2000; (d) Q. Li, T. A. van den Berg, B. L. Feringa, G. 
Roelfes, Dalton Trans. 2010, 39, 8012.  
[27] M. Montalti, A. Credi, L. Prodi, M. T. Gandolfi, Handbook of Photochemistry, 3rd 
ed.; CRC Press: Boca Raton, FL, 2006. 
 Chapter 5 
The Unexpected effects of ROS Scavengers on DNA 
Cleavage with Fe(II)-N4Py and Chromophores       
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The research presented in this chapter compares the DNA cleavage efficiency of 
Fe(II)-N4Py alone, Fe(II)-N4Py/1,8-naphthalimide and Fe(II)-N4Py/9-amino- 
acridine under ambient lighting and photo irradiation. Mechanistic investigations 
were carried out by employing a series of ROS scavengers, which showed significant 
promotion effect in DNA cleavage in some cases. The origin of the observed 
surprising effect of ROS scavengers were proposed to be photo-induced electron 
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5.1 Introduction 
In chapter 4 it was demonstrated that the DNA cleavage activity of Fe(II)-N4Py 
complexes is significantly increased by photo irradiation, which is dependent on the 
structural characteristics of the complexes and the wavelength and intensity of 







 contribute to the photo-enhanced DNA cleavage activity, and that 
their relative contribution is dependent on the wavelength of irradiation. The origin 
of the increase in activity is proposed to be mainly the photoenhanced formation of 
N4Py-Fe(III)-OOH. 
As mentioned in Chapter 4, the DNA binding moieties introduced to the N4Py 
ligand (See Chapter 3 and 4), i.e. 1,8-naphthalimide (NI) and 9-aminoacridine (AA) 
(Figure 1), are well known photo sensitizers capable of DNA photo cleavage, in 
which photo-induced electron transfer plays a key role.
1
 The presence of these 
chromophores may further enhance the DNA cleavage activity of Fe(II)-N4Py 
complexes under photo irradiation, by aiding the formation of N4Py-Fe(III)-OOH via 
photo-induced electron transfer. Furthermore, the activity of Fe(II)-N4Py complexes 
could be selectively sensitized by NI and AA at various wavelengths due to 
differences in their UV-Vis absorption spectra.  
This chapter presents the study on the effect of the presence of NI and AA on DNA 
cleavage activity of Fe(II)-1 (Figure 1) under photo irradiation at 355 and 400.8 nm 
under aerobic conditions, in the absence of reducing agents. The mechanism of the 
DNA cleavage process was investigated by employing a series of mechanistic probes, 
in which a surprising effect of the scavengers was observed.  
 
 
Figure1 N4Py, 1,8-naphthalimide (NI) and 9-aminoacridine (AA). 
5.2 DNA cleavage with Fe(II)-N4Py in the presence of NI and AA 
On the basis of the UV-Vis absorption spectra of Fe(II)-N4Py, NI and AA (Figure 2) 
in 10 mM Tris-HCl buffer (pH 8.0), the wavelengths 355 and 400.8 nm were selected 
for photo irradiation in the DNA cleavage study. Photo irradiation was performed by 
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using continuous-wave (CW) lasers. The values of irradiation power (P) determined 
by actinometry, that is 2.6 mW at 355 nm and 1.2 mW at 400.8 nm, were in a good 
agreement with that measured by using a power sensor. 
 
 




Figure 3 DNA cleavage within 30 min under ambient lighting (□) and photo irradiation at 355 
nm (2.6 mW) (■) and 400.8 nm (1.2 mW) (■). *Linear DNA was also formed. 
Figure 3 and Table 1 compare the DNA cleavage induced by 1 µM Fe(II)-N4Py 
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and the combination of 1 µM Fe(II)-N4Py and various equivalents of NI and AA 
under ambient lighting and upon irradiation at 355 (2.6 mW) and 400.8 nm (1.2 mW) 
within 30 min, by indicating the amounts of cleaved supercoiled DNA. 
 
Table 1 Amounts of cleaved supercoiled DNA within 30 min. (%) 
No. 1 2 3 4 5 6 7 8 9 
Ambient 
lighting 
0 0 0 0 17 ± 2 18 ± 3 21 ± 3 21 ± 3 20 ± 2 
355 nm 
(2.6 mW) 
15 ± 3 30 ± 2 2 ± 2 2 ± 1 47 ± 12 60 ± 4 92 ± 7 51 ± 9 54 ± 5 
400.8 nm 
(1.2 mW) 
0 0 5 ± 3 35 ±13 37 ± 5 30 ± 4 32 ± 4 33 ± 7 44 ± 3 
1: 1 µM NI; 2: 5 µM NI; 3: 1 µM AA; 4: 5 µM AA; 5: 1 µM Fe(II)-N4Py; 6: 1 µM 
Fe(II)-N4Py + 1 µM NI; 7: 1 µM Fe(II)-N4Py + 5 µM NI; 8: 1 µM Fe(II)-N4Py + 1 µM AA; 9: 
1 µM Fe(II)-N4Py + 5 µM AA. Reaction conditions: supercoiled pUC18 (0.1 µg µL-1, 150 µM 
bp), 10 mM Tris-HCl buffer (pH 8.0), 37 °C. 
5.2.1 DNA cleavage with Fe(II)-N4Py, NI and AA 
In the control experiment, i.e. in the absence of Fe(II)-N4Py and chromophores, 
DNA cleavage was not observed under both ambient lighting and photo irradiation 
(Figure 3). 1 µM Fe(II)-N4Py induced significant amounts of DNA cleavage under 
irradiation at both 355 (47 ± 12 %) and 400.8 nm (37 ± 5%), which is more than 
under ambient lighting conditions (17 ± 2%). 
Under ambient lighting conditions, neither NI nor AA affected DNA cleavage 







), 15 ± 3% of substrate supercoiled DNA was cleaved by 1 µM NI, which 
was increased to 30 ± 2% in case of 5 µM NI. Upon irradiation at 400.8 nm, where 
NI does not have an absorption, no DNA cleavage was observed with NI only. In the 







), less than 2% of DNA cleavage was observed upon irradiation at 355 nm. 







), 5 ± 3% of supercoiled DNA was cleaved with 1 µM AA only, which was 
increased to 35 ± 13% at 5 µM concentration. 
5.2.2 DNA cleavage with Fe(II)-N4Py/NI  
Under ambient lighting, no difference was observed on DNA cleavage efficiency of 1 
µM Fe(II)-N4Py alone and 1 µM Fe(II)-N4Py combined with 1 and 5 equiv. of NI, as 
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well as upon photo irradiation at 400.8 nm (Figure 3, □ and ■). Under photo 
irradiation at 355 nm (Figure 3, ■), 1 µM Fe(II)-N4Py with 1 equiv. of NI induced 
the cleavage of 60 ± 4% supercoiled DNA within 30 min, which is comparable with 
the case without NI (47 ± 12 %) within experimental errors. Combined with 5 equiv. 
of NI, a higher DNA cleavage efficiency of 1 µM Fe(II)-N4Py was observed, with 92 
± 7% of supercoiled DNA cleaved, which is a sum of the DNA cleavage efficiency of 
1 µM Fe(II)-N4Py (60 ± 4%) and 5 µM NI (30 ± 2%). However, different from the 
case of Fe(II)-N4Py or NI alone, 12% of linear DNA was also formed, which 
indicates a synergetic effect of Fe(II)-N4Py and 5 equiv. of NI. The linear DNA may 
be produced by both the single-strand and double-strand DNA cleavage processes. 
Statistically, 0.13 double-strand cuts (m) occurred with 2.5 single-strand cuts (n) on 
one DNA molecule, which is far beyond the calculated m value 0.019 based on 
Freifelder-Trumo relationship that describes pure single-strand DNA cleavage.
2
 
Therefore, direct double-strand DNA cleavage (dsc) took place together with 
single-strand DNA cleavage. These observations indicate that NI did not effect the 
observed DNA cleavage efficiency of Fe(II)-N4Py under ambient lighting and 
irradiation at 400.8 nm, but did increase it at 355 nm.  
5.2.3 DNA cleavage with Fe(II)-N4Py/AA  
Under both ambient lighting and irradiation at 400.8 nm and 355 nm, 1 µM 
Fe(II)-N4Py alone and 1 µM Fe(II)-N4Py combined with 1 and 5 equiv. of AA 
induced comparable amounts of DNA cleavage. Thus the presence of AA did not 
improve the observed DNA cleavage efficiency of 1 µM Fe(II)-N4Py. 
5.3 Reactive oxygen species involved in DNA cleavage 
The nature of the reactive oxygen species involved in DNA cleavage was 
investigated. A series of mechanistic probes were employed, including NaN3, which 




 dimethyl sulfoxide (DMSO), which acts 




 and the combination of SOD, which converts 
superoxide radicals (O2
•-
) into O2 and H2O2,
5
 and catalase, which converts H2O2 into 
O2 and H2O,
6
 to investigate the reactive oxygen species (ROS) involved in DNA 
cleavage. The inhibition effect of scavengers on the fraction of cleaved supercoiled 
DNA (%) is shown in Figure 4-7. 
5.3.1 Effect of ROS scavengers on DNA cleavage with Fe(II)-N4Py 
As described in Chapter 3, in the absence of photo irradiation, NaN3 and DMSO did 
not affect the DNA cleavage efficiency of Fe(II)-N4Py while SOD combined with 
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 did not 
play a important role in DNA cleavage while O2
•-
 was a major contributor. Under 
photo irradiation, all the 3 scavengers inhibited DNA cleavage induced by 






 contribute to 
the activity of Fe(II)-N4Py under irradiation, which was also described in Chapter 4.  
 
 
Figure 4 DNA cleavage within 30 min by 1 µM Fe(II)-N4Py under ambient lighting (□), 
photo irradiation at 355 nm (2.6 mW) (■) and 400.8 nm (1.2 mW) (■). 
5.3.2 Effect of ROS scavengers on DNA cleavage with NI and AA 
Scavengers alone did not induce any DNA cleavage under both ambient lighting 
conditions and photo irradiation. 5 µM NI together with the mechanistic probes did 
not induce DNA cleavage under ambient lighting and photo irradiation at 400.8 nm. 
(Figure 5a, □ and ■) At 355 nm, 5 µM NI induced 30 ± 2% DNA cleavage within 30 
min. The addition of NaN3 did not affect the observed DNA cleavage efficiency, with 
32 ± 1% of supercoiled DNA being cleaved, suggesting that 
1
O2 did not play an 
important role in DNA cleavage. By adding DMSO, 26 ± 1% of supercoiled DNA 
was cleaved, suggesting that the quenching of HO
•
 slightly decreased the observed 
DNA cleavage efficiency. In contrast, SOD combined with catalase dramatically 
increased the DNA cleavage efficiency of NI, with > 60% of substrate supercoiled 
DNA being cleaved (Figure 5a, ■), indicating the quenching of O2
•-
 has a significant 
positive effect on DNA cleavage activity. It has been reported that radicals derived 




) by the ground state 















 was available in the reaction 
solution for quenching by NI. This may explain the significant increase in DNA 






Figure 5 DNA cleavage within 30 min under ambient lighting (□), under photo irradiation at 
355 nm (2.6 mW) (■) and 400.8 nm (1.2 mW) (■) by (a) 5 µM NI; (b) 5 µM AA. *Accurate 
quantification was not possible because extensive DNA strand cuts induced smear on the gel. 
The blue bar represents the lower limit of DNA cleavage. 
In the presence of 5 µM AA, DNA cleavage was not observed within 30 min under 
ambient lighting and irradiation at 355 nm with all the 3 ROS scavengers (Figure 3b, 
□ and ■). At 400.8 nm, 5 µM AA alone induced 35 ± 13% DNA cleavage, whereas 
22 ± 1% and 30 ± 2% DNA cleavage was observed by adding NaN3 and DMSO, 




 are not of 
significant importance in DNA cleavage by AA. By adding SOD and catalase, 5 µM 
AA induced slightly more DNA cleavage (54 ± 4%) (Figure 5b, ■), showing that the 
quenching of O2
•-
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Figure 6 Under ambient lighting (□), photo irradiation at 355 nm (2.6 mW) (■) and 400.8 nm 
(1.2 mW) (■), for 1 µM Fe(II)-N4Py + 5 µM NI within 30 min: (a) amounts of cleaved 
supercoiled DNA; (b) amounts of formed linear DNA; (c) the calculated average numbers of 
single-strand cuts per DNA molecule (n) for DNA cleavage; insert: the calculated average 
numbers of double-strand cuts (m) per DNA molecule. *More than 37% of linear DNA was 
formed, which exceeded the limit of accurate quantification. Presented is (b) the highest limit 
of the detectable amount of linear DNA (37%); (c) the lowerst limit of calculated value of n. 
5.3.3 Effect of ROS scavengers on DNA cleavage with Fe(II)-N4Py/NI 
As indicated above, 1 µM Fe(II)-N4Py with 5 µM NI together induced the formation 
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of linear DNA under photo irradiation at 355 nm within 30 min. To make a good 
comparison, together with the amounts of cleaved supercoiled DNA (Figure 6a), the 
amounts of linear DNA (Figure 6b) and the calculated values of ssc (n) and dsc (m) 
per DNA molecule (Figure 6c) were also shown to evaluate the DNA cleavage 
efficiency.  
Under ambient lighting, the presence of 5 equiv. of NI did not effect the DNA 
cleavage efficiency of 1 µM Fe(II)-N4Py (Figure 2). As expected, the same patterns 
of inhibition of ROS scavengers were observed for Fe(II)-N4Py/NI and Fe(II)-N4Py 
(Figure 6a and Figure 3, □), i.e. NaN3 and DMSO did not affect DNA cleavage 
efficiency while SOD combined catalase showed strong inhibition effect.   
At 355 nm, the presence of 5 µM NI effected the observed DNA cleavage 
efficiency of Fe(II)-N4Py, which is indicated by the dsc and the resultant formation 
of linear DNA (Figure 2, ■). NaN3 did not show inhibition of DNA cleavage by 
Fe(II)-N4Py/NI, with 90 ± 4% DNA cleavage compared to 92 ± 6% in the absence of 
NaN3 (Figure 6, ■), and a m of 0.12 ± 0.04 compared to 0.14 ± 0.04. This indicates 
that the quenching of 
1
O2 did not effect the observed DNA cleavage efficiency of 
Fe(II)-N4Py/NI, which is different from the case of Fe(II)-N4Py alone (Figure 3, ■). 




, the observed DNA cleavage efficiency of 
Fe(II)-N4Py/NI was significantly increased. With DMSO, 100% of supercoiled DNA 
was cleaved and more than 37% linear DNA was formed, which is beyond the limit 
of accurate quantification. Therefore, the numbers representing the lower limit of 
DNA cleavage efficiency are shown in Figure 6b and 6c (■, with star). By adding 
SOD with catalase, the substrate supercoiled DNA was also consumed completely. 
As indicated in Figure 6c (■), SOD with catalase together promoted the DNA 
cleavage efficiency of Fe(II)-N4Py/NI from n = 2.5 ± 0.5 to n = 10.7 ± 0.5. The 
unexpected observations of significantly enhanced DNA cleavage efficiency strongly 
suggest the involvement of complex processes in DNA cleavage with Fe(II)-N4Py/NI 
at 355 nm.  
At 400.8 nm, the presence of 5 equiv. NI did not effect the observed DNA 
cleavage activity of Fe(II)-N4Py (Figure 2, ■). By adding NaN3 and DMSO, DNA 
cleavage induced by Fe(II)-N4Py/NI was promoted from 33 ± 4 % to 50 ± 8 % and 





aided DNA cleavage. Whereas SOD together with catalase inhibited DNA cleavage 
to 19 ± 2 % (Figure 6a, ■), which suggests that at this wavelength O2
•-
 played an 
important role in DNA cleavage.  
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Figure 7 Under ambient lighting (□), photo irradiation at 355 nm (2.6 mW) (■) and 400.8 nm 
(1.2 mW) (■), for 1 µM Fe(II)-N4Py + 5 µM AA within 30 min: (a) amounts of cleaved 
supercoiled DNA; (b) amounts of formed linear DNA; (c) the calculated average numbers of 
single-strand cuts per DNA molecule (n) for DNA cleavage; insert: the calculated average 
numbers of double-strand cuts (m) per DNA molecule.  
5.3.4 Effect of ROS scavengers on DNA cleavage with Fe(II)-N4Py/AA 
Under ambient lighting, 1 µM Fe(II)-N4Py with 5 µM AA together showed 
comparable DNA cleavage efficiency compared to 1 µM Fe(II)-N4Py alone (Figure 2, 
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□). As expected, the same patterns of inhibition effect of ROS scavengers were 





 did not affect the DNA cleavage efficiency but quenching 
of O2
•-
 resulted in a significant decrease in DNA cleavage efficiency.  
At 355 nm, the presence of AA did not affect the DNA cleavage activity of 
Fe(II)-N4Py (Figure 2). However, by adding NaN3 and DMSO, the observed DNA 
cleavage efficiency of Fe(II)-N4Py/AA was increased from 54 ± 5 % to 84 ± 6 % and 
97 ± 3 %, respectively (Figure 7a, ■). Moreover, with DMSO, 10 ± 4 % linear DNA 
was formed (Figure 7b, ■), which corresponds to a m of 0.12 compared to the m of 
0.041 calculated based on Freifelder-Trumo relationship, indicating that a small 





 promoted the DNA cleavage activity of Fe(II)-N4Py/AA. By adding SOD 
with catalase, a slightly higher DNA cleavage efficiency (65 ± 5 %) was observed 







promoted the DNA cleavage activity of Fe(II)-N4Py/AA to different extent at 355 nm, 
which suggests the complex interaction of ROS, Fe(II)-N4Py and AA.  
At 400.8 nm, the addition of NaN3 and DMSO increased DNA cleavage efficiency 
of Fe(II)-N4Py/AA from 44 ± 3 % to 67 ± 8 % and 82 ± 9 %, respectively, whereas 
SOD together with catalase did not effect the observed DNA cleavage efficiency (36 
± 8 %) (Figure 7, ■). These observations indicate that, under photo irradiation at 




 promoted the DNA cleavage activity of 
Fe(II)-N4Py/AA 
5.4 Origin of the effect of ROS scavengers on DNA cleavage activity of 
Fe(II)-N4Py/NI and Fe(II)-N4Py/AA  
5.4.1 under ambient lighting 
It was observed that NI and AA did not effect the observed DNA cleavage activity of 
Fe(II)-N4Py under ambient lighting (Figure 2, □). Under ambient lighting, the same 
inhibition effect of ROS scavengers on DNA cleavage activity was observed for 
Fe(II)-N4Py, Fe(II)-N4Py/NI and Fe(II)/AA (Figure 3, 5 and 6, □). Thereore, the 
nature of the reactive species responsible for the DNA cleavage is the same in the 
presence as in the absence of NI and AA. However, when photo irradiation was 
employed, ROS scavengers showed different inhibition and promotion effect.  
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5.4.2 under photo irradiation at 355nm 
DNA cleavage with Fe(II)-N4Py/NI At 355 nm, the presence of NI effected the 
observed DNA cleavage activity of Fe(II)-N4Py, with the formation of linear DNA 





, a dramatic increase in DNA cleavage activity was obtained with 
Fe(II)-N4Py/NI at 355 nm, whereas no effect was observed by removing 
1
O2 (Figure 
5, ■).  
The paradoxal observation of the effect of ROS scavengers are not well 
understood at this moment, but a hypothesis can be put forward as shown in Scheme 
1. It is proposed that the nature of the reactive species responsible for the enhanced 
DNA cleavage is the same as in the absence of NI; i.e. the origin of the enhancement 
in observed DNA cleavage activity is the increased rate of formation of 
N4Py-Fe(III)-OOH, due to the reduction of Fe(III) by electron transfer from the 




) to Fe(III)-N4Py (Scheme 1b).  
 
 
Scheme 1 Processes involved in the ROS scavenger-enhanced DNA cleavage with Fe(II)-N4Py 
and NI under photo irradiation 
Intermolecular photoinduced electron transfer (PET) processes involving NI 
derivatives have attracted widespread attention primarily because of the relatively 
long lifetime of the lowest triplet excited state.
8





H2O/CH3CN (v/v = 1:1) has been determined to be in the range of 30 ~ 40 µs
9
 and is 
expected to be similar in the buffered aqueous solutions employed in the present 




 in the aqueous solution of DNA cleavage reaction should 
be sufficiently long to allow for significant intermolecular electron transfer processes 
to take place in solution. 
Since the majority of the iron-N4Py complex present under reaction conditions 










 to Fe(III)-N4Py under the conditions 
employed in the DNA cleavage studies is negative and in order of -3 ~ -5 kJ mol
-1
. 




 is able to 




 is expected to 








 can also take place. Therefore the 










DNA cleavage with Fe(II)-N4Py/AA AA did not effect the observed DNA 
cleavage activity of Fe(II)-N4Py, under photo irradiation at 355 nm (Figure 2, ■). 






, the observed DNA cleavage activity of 
Fe(II)-N4Py/AA was increased to different extents (Figure 6, ■). The reduction of 




) is also thermodynamically favourable. 




 in H2O, which has been determined to be in the 
range of 15 ~ 20 ns,
10
  significantly decreases the possibility of the intermolecular 








 showed smaller 
effect in DNA cleavage wtih Fe(II)-N4Py/AA under photo irradiation at 355 nm, 
compared to Fe(II)-N4Py/NI. Moreover, the relative weaker absorption of AA 
compared to NI at 355 nm is also likely to contribute to this difference.  
 
Scheme 2 Oxidation of Fe(II)-N4Py by 1O2. 
The origin for the promoting effect of 
1
O2 scavenger NaN3 on DNA cleavage by 







O2 can oxidize Fe(II)-N4Py to Fe(III)-N4Py (Scheme 2), 
which decreases the concentration of the active precursor Fe(II)-N4Py. Meanwhile 
the resultant O2
•-




 as in the case of NI as discussed above, which 




 to Fe(III)-N4Py. These possibilities can decrease the 
formation of N4Py-Fe(III)-OOH, and thus, the quenching of 
1
O2 led to the increase 
of DNA cleavage activity. 





, to form the reactive species for DNA cleavage (See Chapter 3). ROS scavengers 
can not remove all the ROS in the reaction solution and Fe(II)-N4Py. Therefore, by 
removing ROS, the ROS scavengers can increase the observed DNA cleavage 








 to Fe(III)-N4Py, meanwhile, they can also decrease the DNA cleavage 
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activity through inhibiting the interaction of Fe(II)-N4Py and ROS to form reactive 
species. The observed effect of ROS scavengers is a complex combination of the 
different processes involving ROS in DNA cleavage. Hence, there should be a 
balance of the promotion and inhibition effect form ROS scavengers on DNA 
cleavage, which means that with the optimum concentration of ROS scavengers, the 
highest DNA cleavage activity of Fe(II)-N4Py/NI and Fe(II)-N4Py/AA can be 
achieved. 
5.4.3 under photo irradiation at 400.8 nm 
DNA cleavage with Fe(II)-N4Py/NI At 400.8 nm, the addition of NI did not effect 




, the observed DNA cleavage activity of Fe(II)-N4Py/NI was increased, 
whereas by scavenging O2
•-
, it was decreased (Figure 5, ■). The enhancement of 
DNA cleavage by scavenging HO
•
 is likely to be the same as discussed above for the 




 by photo irradiation at 400.8 nm, 









, compared to the case at 355 nm. The origin of the promotion effect 
from scavenging of 
1
O2 on DNA cleavage is likely the same as discussed above in 
the case of AA at 355 nm. 
DNA cleavage with Fe(II)-N4Py/AA AA did not effect the observed DNA 
cleavage activity of Fe(II)-N4Py, under photo irradiation at 400.8 nm (Figure 2, ■), 





 increased the observed DNA cleavage activity of Fe(II)-N4Py/AA while the 
quenching of O2
•-
 did not show a significant effect on DNA cleavage (Figure 6, ■). 
The observed effect of ROS scavengers on DNA cleavage by Fe(II)-N4Py/AA at this 
wavelength is similar to 355 nm (Figure 6, ■) and may be attributed to the ROS 




 and Fe(III)-N4Py as discussed above for the case at 
355 nm. 
5.5 Conclusions 
The present study compared the DNA cleavage efficiency of Fe(II)-N4Py alone, 
Fe(II)-N4Py combined with NI and Fe(II)-N4Py combined with AA under ambient 
lighting and photo irradiation at 355 nm and 400.8 nm under aerobic conditions 
without any external reducing agent. In the absence of photo irradiation, the presence 
of NI and AA did not effect the observed DNA cleavage activity of Fe(II)-N4Py. 
Consistent with these observations, inhibition experiments with different ROS 
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scavengers indicated that the ROS involved DNA cleavage by Fe(II)-N4Py are the 
same in the absence and presence of NI and AA.  
Under photo irradiation at 355 nm, where NI shows a relative strong absorption, 
the presence of 1 equiv. of NI did not effect the DNA cleavage efficiency of 
Fe(II)-N4Py, whereas the presence of 5 equiv. of NI showed significant synergestic 
effect leading to the direct double-strand DNA cleavage. A surprising effect of ROS 





 dramatically increased the DNA cleavage efficiency of Fe(II)-N4Py/NI. The 




 and Fe(III)-N4Py, which 




 from the reaction. At 400.8 nm, the effect of 




 in reaction.  
The presence of 1 and 5 equiv. of AA did not effect the observed DNA cleavage 





observed DNA cleavage activity of Fe(II)-N4Py/AA was also significantly increased 
but less profound than the case of Fe(II)-N4Py/NI. The less significant effect of ROS 










The surprising effect of ROS scavengers in DNA cleavage with Fe(II)-N4Py/NI 
and Fe(II)-N4Py/AA at 355 nm and 400.8 nm indicates the complexity of the 
processes and reactive species involved in the DNA cleavage under photo irradiation. 
Moreover, these results underline that caution should be exercised in the analysis of 
the results of ROS scavenging experiments, especially in complex systems involving 
multiple components. 
5.6 Experimental section 
General inforamtion 
1,8-Naphthalimide (NI) and 9-aminoacridine (AA) were purchased from 
Sigma-Aldrich and purified by recrystallization using MeOH and EtOAc. For 
experimental details of DNA cleavage experiments under photo irradiation, see 
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Figure 8 Cyclic voltammetry of Fe(II)-N4Py (a) 10 µM and (b) 1 mM concentration in 10 mM 
Tris-HCl (pH = 8.0). Glassy carbon working electrode, platinum wire counter electrode, SCE 
reference electrode using a CHInstruments CHI630c electrochemical work station. 
Calculation of ∆Get for photo-induced electron transfer (PET) 
The change in standard Gibbs free energy accompanying in photoinduced electron 
transfer between an acceptor (A) and a donor (D), can be approximated as equation 
(1), where e (1.60 × 10
-19














)is the standard electrode potential of the acceptor, and ∆E0,0 is the excitation 
energy.  





) and w(DA) are the electrostatic work terms that account for the effect of 
Coulombic attraction, expressed in equations (2) and (3), where a is the distance 




















}/{4πεoεra}    (equation 2) 
w(DA) = {z(D) z(A) e
2
}/{4πεoεra}        (equation 3) 
As the charge of naphtalimide is zero prior to electron transfer then the value of 





) is 2.3 eV.
11







/D) is the oxidation potential of the NI (2.01 V vs SCE). 
The reduction potential of Fe(III)-N4Py was determined under conditions similar to 
those used in DNA cleavage studies, i.e. in the same buffer but at 1 mM and 10 µM 
(Figure 8, the concentration of Fe(II)-N4Py in DNA cleavage reaction is 1 µM) as 
0.05 V vs SCE. This leads to a further simplification of equation 1: 
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┙∆Get = NA e{Eo(D+•/D) + w(D+•A-•) – ∆E0,0} 





) is small (< 0.05 mV), it follows that the driving force for electron 
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 Chapter 6 
Nuclear DNA Cleavage with Fe(II)-N4Py Complexes in 
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This chapter presents the study on the nuclear DNA cleavage activity and cytotoxicity 
of BLM, Fe(II)-BLM and N4Py based reagents against SKOV-3, MDA-MB-231 and 
HK-2 cells. The N4Py based reagents were found to induce nuclear DNA cleavage as 
efficiently as BLM and Fe(II)-BLM. Moreover, excellent cell selective cytotoxicity 
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6.1 Introduction 
Extensive studies have been carried out on the DNA cleavage with synthetic iron 
complexes mimicking Fe(II)-BLM in cell-free systems, using isolated plasmids.1,2 
However, up to date, there has been no report on their capability to induce nuclear 
DNA cleavage in cells. It was demonstrated in Chapter 3 that mono-nuclear 
Fe(II)-N4Py complexes are capable of efficient cleavage of pUC18 DNA both in the 
absence and presence of an external reducing agent under aerobic conditions, 
although the efficiency is lower than Fe(II)-BLM.2d In this chapter the nuclear DNA 
cleavage activity and cell cytotoxicity of BLM, Fe(II)-BLM and the N4Py derived 




Figure 1 Structures of BLM (the nitrogen atoms underlined are involved in iron binding), 
N4Py ligands 1 and 2. 
6.2 Nuclear DNA cleavage 
The intracellular DNA cleavage activity of BLM, ligand 2, Fe(II)-BLM, Fe(II)-1 and 
Fe(II)-2 were studied on SKOV-3 (a human ovarian cancer cell line) and 
MDA-MB-231 (a human breast cancer cell line) cell lines. The activity was 
evaluated by detecting γH2AX in cells, which has been well established to be a 
highly sensitive and specific marker for double-strand cleavage (dsc) of DNA in 
nuclear chromatin3 and thus has been used as an indicator of dsc.4 (See section 2.2.1) 
The intracellular γH2AX is stained with a fluorophore-labeled antibody, rabbit mAb 
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Phospho-Histone H2A.X (ser139) (20E3)-Alexa Fluor 488 conjugate, and detected 
by using fluorescence-activated cell sorting (FACS). (See section 2.2.2) Experiments 
were conducted by using duplicate samples for each treatment, and each experiment 
was carried out three times unless noted otherwise. Results are expressed as mean 
fluorescence intensity (MFI) ± standard error of the mean (SEM) of three 
independent experiments.  
 
Figure 2 Microscopy images of SKOV-3 cells after 48 h of treatment with 3 µM compounds: 
(a) blank control, no reagent added; (b) solvent control (4.6% DMSO, v/v); (c) Fe(II)-BLM; (d) 
Fe(II)-1; (e) ligand 2; (f) Fe(II)-2. 
The concentration of the DNA cleaving agents used in this study was 3 µM and 30 
µM, which is in the range of reported concentrations of BLM in biological tests in 
vitro.5 For both SKOV-3 and MDA-MB-231 cells, no obvious difference was 
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observed in the cell morphology upon treatment with 3 µM DNA cleaving agents 
after 48 h. (Figure 2, 3) 
 
Figure 3 Microscopy images of MDA-MB-231 cells after 48 h of treatment with 3 µM 
compounds: (a) blank control, no reagent added; (b) solvent control (4.6% DMSO, v/v); (c) 







Figure 4. γH2AX mean fluorescence intensity in SKOV-3 (■) and MDA-MB-231 (■) cells 
treated with 3 µM reagents after 48 h. Error bars represent standard deviations from triplicate 
experiments. 
 




(µM) SKOV-3 MDA-MB-231 HK-2 
1 Blank control 0 4.6 ± 1.9 7.1 ± 3.3 5.2 ± 1.9 
2 Solvent control 4.6 % DMSO (v/v) 6.3 ± 4.7 6.4 ± 3.4 8.6 ± 6.2 
3 3 nd nd nd 
4 
BLM 
30 35.2 ± 22.4 22.7 ± 8.8 24.1 ± 8.2 
5 3 24.0 ± 2.3 16.7 ± 7.4 nd 
6 
Fe(II)-BLM 
30 35.0 ± 29.5 27.8 ± 17.1 46.2 ± 19.0 
7 3 7.9 ± 5.5 10.2 ± 4.1 nd 
8 
Fe(II)-1 
30 57.2 ± 15.3 103.6 ± 25.4 60.4 ± 2.4 
9 3 10.1 ± 8.4 11.7 ± 5.8 nd 
10 
2 
30 33.6 ± 10.4 44.5 ± 12.4 41.7 ± 8.1 
11 3 7.5 ± 5.0 11.2 ± 5.5 nd 
12 
Fe(II)-2 
30 52.3 ± 21.7 110.1 ± 40.0 33.1 ± 17.9 
Consistent with this observation, the treatment of SKOV-3 and MDA-MB-231 
cells with 3 µM Fe(II)-1, ligand 2 and Fe(II)-2 induced similar levels of γH2AX 
fluorescence (MFI 2 - 18) as the untreated samples (MFI 3 - 7) and with solvent only 
(MFI 2 - 11) (Table 1, Figure 4), which indicates that no significant genomic DNA 
damage occurred. Using 3 µM Fe(II)-BLM, γH2AX levels in SKOV-3 cells (MFI 22 
- 26) were distinct from the blank (MFI 3 - 7) and solvent controls (MFI 2 - 11) (P < 
0.05).† Thus, at this concentration significant nuclear damage was induced by 
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Fe(II)-BLM. The origin of the lower nuclear DNA cleavage activity of 3 µM Fe(II)-1, 
ligand 2 and Fe(II)-2 compared to Fe(II)-BLM is unclear. It was proposed that the 
lower polarity of reagents likely causes the lower cell permeability and lower 
lipophilicity.6 The lower polarity of N4Py based reagents compared to BLM may 
account for the lower nuclear DNA damage activity, but more research is needed to 
support this hypothesis. In contrast, in MDA-MB-231 cells, γH2AX levels induced 
by 3 µM Fe(II)-BLM (9 - 24) were not distinct from the blank (MFI 4 – 10, P = 0.055) 
and solvent control (MFI 3 – 10, P = 0.059), indicating that 3 µM Fe(II)-BLM did not 
induce detectable amounts of nuclear DNA damage.  
When the concentration of reagents was increased to 30 µM, significantly different 
cell morphology was observed for SKOV-3 and MDA-MB-231 cancer cells after 48 
h, which indicates the apoptotic effect of all reagents (Figure 5 and 6). In agreement 
with this observation, the levels of cellular γH2AX fluorescence in both of the cancer 
cells were significantly increased compared to the blank and solvent controls (Figure 
8, Table 1). This indicates that a significant amount of nuclear DNA cleavage was 
induced. Large standard errors were obtained in FACS analysis, which is attributed 
partly to the fact that less cells are available for counting due to the high lethal effect 
of 30 µM reagents. Against SKOV-3 cells, 30 µM BLM, Fe(II)-BLM, Fe(II)-1, ligand 
2 and Fe(II)-2 showed comparable nuclear DNA cleavage activity (MFI 6 - 74) 
within experimental errors. Against MDA-MB-231 cells, 30 µM Fe(II)-1 and Fe(II)-2 
induced significantly more nuclear DNA cleavage (MFI 70 - 150) than BLM, 
Fe(II)-BLM and ligand 2 (MFI 10 - 57) (P < 0.05). Thus, the synthetic mimics 
display higher activity than the natural target molecule. A tentative explanation for 
the higher activity is the higher stability of synthetic compounds towards BLM 
hydrolase, which is proposed to deactivate BLM via hydrolyzing the carboxyamide 

















Figure 5 Microscopy images of SKOV-3 cells treated with 30 µM compounds (48 h): (a) no 
treatment; (b) solvent control (4.6% DMSO, v/v); (c) BLM; (d) Fe(II)-BLM; (e) Fe(II)-1; (f) 








Figure 6 Microscopy images of MDA-MB-231 cells treated with 30 µM compounds (48 h): (a) 
no treatment; (b) solvent control (4.6% DMSO, v/v); (c) BLM; (d) Fe(II)-BLM; (e) Fe(II)-1; (f) 









Figure 7 Microscopy images of HK-2 cells treated with 30 µM compounds (48 h): ((a) no 
treatment; (b) solvent control (4.6% DMSO, v/v); (c) BLM; (d) Fe(II)-BLM; (e) Fe(II)-1; (f) 
ligand 2; (g) Fe(II)-2. 
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After the confirmation of the nuclear DNA cleavage induced by 30 µM BLM, 
Fe(II)-BLM, Fe(II)-1, ligand 2 and Fe(II)-2 in SKOV-3 and MDA-MB-231 cancer 
cells, HK-2 (an immortalized proximal tubule epithelial cell line from normal adult 
human kidney) cells were also investigated. These cells are considered ‘healthy’, i.e. 
non-cancerous. A significant difference in cell morphology was observed for HK-2 
cells with the treatment of 4.6% DMSO (v/v) only and 30 µM reagents after 48 h, 
indicating the apoptotic effect of the solvent and all the five compounds. (Figure 7) 
The levels of cellular γH2AX fluorescence in HK-2 cells with 4.6% DMSO (v/v) 
(MFI 2 - 15) are comparable with the blank control (MFI 3 - 7), therefore, the 
treatment with solvent only did not induce a detectable amounts of nuclear DNA 
damage.  
 
Figure 8 γH2AX mean fluorescence intensity in SKOV-3 (■), MDA-MB-231 (■) and HK-2 (□) 
cells treated with 30 µM reagents after 48 h. Error bars represent standard deviations from 
triplicate experiments. 
The levels of cellular γH2AX fluorescence in HK-2 cells with the treatment of 30 
µM BLM, Fe(II)-BLM, Fe(II)-1, ligand 2 and Fe(II)-2 were distinct from the blank 
and solvent controls with marked increase (P < 0.05), indicating a significant amount 
of DNA cleavage in chromatin occurred. BLM and Fe(II)-BLM induced significant 
amounts of nuclear DNA cleavage, with a MFI of 16 - 32 and 27 - 65, respectively. 
(Figure 8, Table 1) Fe(II)-1 induced more nuclear DNA cleavage than ligand 2 and 
Fe(II)-2, with a MFI of 58 - 61 compared to 34 - 50 and 15 - 51. (Figure 8, Table 1) 
6.3 Cell cytotoxicity 
The cell cytotoxicity of BLM, Fe(II)-BLM Fe(II)-1, ligand 2 and Fe(II)-2 were 
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evaluated by assessing the viability of cells continuously exposed to these reagents at 
different concentrations (1, 3, 10, 30 and 50 µM) by means of the MTS assay. (See 
section 2.3) MTS assay were conducted using triplicate samples for each treatment, 
and each experiment was carried out at least three times unless noted otherwise. 
Results are expressed as the mean cell viability (%) ± standard error of the mean 
(SEM) of three independent experiments. 
The presence of solvent only (2.4% DMSO v/v) showed the cytotoxicity against 
SKOV-3, MDA-MB-231 and HK-2 cells. (Figure 9) For SKOV-3 and HK-2 cells, the 
solvent showed a significant inhibition on the cell viability, with the cell viability 
dropping from 100% to 51 - 85% and 48 - 66%, respectively. While for 
MDA-MB-231 cells, the cell viability was determined to be 55 - 125%, which clearly 
indicates a considerable disturbance of the solvent. Notably, the presence of 2.4% 
DMSO (v/v) did not induce fluorescence of γH2AX (see section 6.2), which strongly 
suggests that the observed cytotoxicity of solvent was not caused by nuclear DNA 
cleavage. To allow a clear comparison of the cytotoxicity from reagents, the cell 




Figure 9 Viability of SKOV-3, MDA-MB-231 and HK-2 cells without any treatment (□) and 
treated with solvent only (■). Cells were exposed to 2.4% DMSO (v/v) for 48 h. Error bars 
represent standard deviations from triplicate experiments. 
The results of cell cytotoxicity of BLM, Fe(II)-BLM, Fe(II)-1, ligand 2 and 
Fe(II)-2 against SKOV-3, MDA-MB-231 and HK-2 cells are listed in Figure 10. The 
IC50, the concentration of reagents at which 50% of cell viability is inhibited, of 
BLM and Fe(II)-BLM against SKOV-3 and MDA-MB-231 cancer cells are in the 
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range of 10 - 30 µM, while the ones of synthetic compounds Fe(II)-1, ligand 2 and 
Fe(II)-2 are in the range of 3 - 10 µM. Against HK-2 cells, the IC50 of BLM is > 50 
µM, the IC50 of Fe(II)-BLM and Fe(II)-1, ligand 2 and Fe(II)-2 are in the range of 
10 - 30 µM. Remarkbly, the cell viability decreased gradually upon increasing the 
concentration of BLM and Fe-BLM, whereas a sudden transition from good to 
almost no cell viability was observed for Fe(II)-1, ligand 2 and Fe(II)-2 between 3 
and 10 µM. This is in agreement with the observation that at 3 µM concentration of 
N4Py-based reagents almost no DNA damage occurred, whereas at 30 µM extensive 
DNA damage was observed. (See section 6.2) The reason for this sudden transition is 
unclear; a possible explanation would be that a certain threshold concentration of the 
reagent is required for cellular uptake. However, more research is needed to support 
this hypothesis. 
 
Figure 10 Cell viability of SKOV-3 (a), MDA-MB-231(b) and HK-2 (c) cells treated with 
different concentrations of BLM (■), Fe(II)-BLM (■), Fe(II)-1(■), ligand 2 (■) and Fe(II)-2 
(■). Cells were incubated with reagents for 48 h.  
Since against HK-2 cells this transition is at higher concentrations, excellent 
selective cell cytoxicity can be achieved by judicious choice of the concentration of 
the N4Py-based reagents. With 10 µM of Fe(II)-1, ligand 2 and Fe(II)-2, the cell 
viability of SKOV-3 and MDA-MB-231 cancer cells was inhibited almost completely, 
while against HK-2 cells 100% cell viability remained within experimental errors 
(Figure 11). In contrast, upon treatment with 10 µM BLM and Fe(II)-BLM, more 
than 30% of cell viability of SKOV-3 and MDA-MB-231 remained compared to 
more than 60% of viability of HK-2 cells. The concentration of reagents is of 
significant importance for the observed selectivity of cell cytotoxicity. At a 
concentration of 30 µM, Fe(II)-1, ligand 2 and Fe(II)-2 inhibited 100% the cell 
viability of HK-2 cells, whereas 70% and 27% of the cell viability remained upon the 






Figure 11 Cell viability of SKOV-3 (■), MDA-MB-231(■) and HK-2 (□) cells treated with 10 
µM reagents. Cells were incubated with reagents for 48 h. 
The higher cytotoxicity of Fe(II)-1, ligand 2 and Fe(II)-2 against SKOV-3 and 
MDA-MB-231 cells compared to HK-2 cells is tentatively caused by the higher 
levels of reactive oxygen species (ROS) in cancer cells compared to normal cells. 
Cancer cells are known to have elevated levels of ROS including 1O2 and O2
●- 
compared to normal cells, which is mainly due to the increased metabolism.8 This 
would be in agreement with the high plasmid DNA cleavage activity of Fe(II)-N4Py 
complexes, which has been postulated to involve the formation of 
N4Py-Fe(III)-OOH by reaction with ROS such as O2
●-. (See section 3.7.2) Different 
reagent up-take properties of SKOV-3, MDA-MB-231 and HK-2 cells may also be 
important reasons for this observed difference on cytotoxicity. More research is 
needed to support these hypotheses. 
6.4 Comparison with other synthetic mimics of Fe(II)-BLM 
To date, there is no literature report on nuclear DNA cleavage with synthetic mimics 
of Fe(II)-BLM or other metal complexes capable of plasmid DNA cleavage. The 
results presented in section 6.2 are the first examples demonstrating the nuclear DNA 
cleavage activity of synthetic BLM mimics.   
Cytotoxicity investigations have been extensively carried out for metal complexes 
capable of plasmid DNA cleavage.1e,1g,9 However, due to the different experimental 
set-up, e.g. cell lines, reagent concentrations, incubation environment and incubation 
time, it is impossible to compare their cytotoxicity. 
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6.5 Conclusions 
In this chapter, it has been demonstrated that the treatment of cancerous SKOV-3, 
MDA-MB-231 cells and healthy HK-2 cells with Fe(II)-1, ligand 2 and Fe(II)-2 
results in nuclear DNA cleavage at least as efficient as with BLM and Fe(II)-BLM. 
Remarkably, these synthetic mimics displayed excellent selective cytotoxicity against 
cancerous SKOV-3 and MDA-MB-231 cells and healthy HK-2 cells at 10 µM 
concentration, i.e. the viability of SKOV-3 and MDA-MB-231 cells were completely 
inhibited while HK-2 cells was not affected. This is most likely caused by the higher 
levels of ROS in cancer cells. Here, we have shown a synthetic mimic of BLM that is 
more active than the parent natural product. Thus, these results underline the power 
of the bioinorganic mimic approach.  
6.6 Experimental section 
Materials 
All reagents and solvents were used as purchased without further purification unless 
noted otherwise. Bleomycin Sulfate (A2 + B2, 95%), from Streptomyces verticillus, 
was purchased from Calbiochem. 1 equiv. of (NH4)2Fe
II(SO4)2.H2O was added to 
solutions of BLM and ligand 2 in 1:1 DMSO/H2O to generate the corresponding 
iron(II) complexes in situ. 
Cell lines and Cell Culture 
The human ovarian carcinoma cancer cell line SKOV-3 (HTB-77) and mammary 
gland cancer cell line MDA-MB-231 (HTB-26) were obtained from the ATCC 
(Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's medium (DMEM) 
(Lonza, Verviers, Belgium) supplemented with 10% FCS (Perbio Hyclone, 
Etten-Leur, the Netherlands), 50 µg/ml gentamycine sulfate (Invitrogen, Breda, the 
Netherlands) and 2 mM L-glutamine (Lonza). The immortalized proximal tubule 
epithelial cell line from normal adult human kidney, HK-2 (CRL-2190), was cultured 
in 1:1 mixture DMEM and Ham’s F-12 (Invitrogen) supplemented with 10% FCS, 
1% penicillin/streptomycin (Invitrogen), 0.01 mg/L EGF (Tebu-Bio, Heerhugowaard, 
the Netherlands), 10mg/L Insulin, 5.5 mg/L Transferrin, 6.7 ug/L Sodium selenite 
(ITS) (Invitrogen), 36 ug/L hydrocortisone (Sigma, Zwijndrecht, the Netherlands), 2 
mM Glutamax (Invitrogen). Cell cultures were incubated at 37 °C under humidified 
conditions and 5% CO2. 
FACS Analysis of γH2AX  
ISKOV-3 and MDA-MB-231 cells were seeded at a density of 2.85×104/cm2 in 
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24-well cell-culture plates (Corning Inc., Corning, NY, USA), HK-2 cells were 
seeded at 1.5×104/cm2. Reagents were added at 70 - 80% confluence. The final 
concentrations of reagents in the culture medium were 3 and 30 µM. Controls were 
treated with 1:1 DMSO/H2O only; the final concentration of DMSO in the culture 
medium was 4.6 % (v/v). (For more details see section 2.4.2) 
In Vitro Cytotoxicity 
SKOV-3 and MDA-MB-231 cells were seeded at a density of 2×104/cm2 in 96-well 
cell-culture plates, HK-2 cells were seeded at 1.5×104/cm2. Reagents were added at 
70 – 80% confluence. The final concentrations of reagents in 100 µL culture medium 
were 0, 1, 3 10, 30 and 50 µM. Controls were treated with 1:1 DMSO/H2O only; the 
final concentration of DMSO in culture medium was 2.4% (v/v). (For more details 
see section 2.4.3) 
Notes 
† In the independent one-tailed two-sample t-test, the threshold chosen for statistical 
significance is 0.05. 
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 Chapter 7 
Conclusions and Perspectives 
 
The key results of this thesis are summarized and discussed in this chapter, followed 

































Bleomycins (BLM, Figure 1) are widely used in the clinical treatment of certain 
cancers.
1,2
 BLM are believed to prevent the growth of cancerous cells by effecting 
oxidative cleavage of DNA strands, including both single-strand (ssc) and 
double-strand DNA cleavage (dsc).
1,2
 The last detectable intermediate in DNA 
cleavage by BLM, ‘activated BLM’, was characterized to be a low-spin 
BLM-Fe(III)-OOH species.
1,3
 Based on the structural characteristics of the metal 
binding domain of BLM, the pentadentate ligand N,N-bis(2-pyridylmethyl) 
-N-bis(2-pyridyl)-methylamine (N4Py, Figure 1) was designed and synthesized in our 
group, in collaboration with the research group of Prof. L. Que, Jr..
4
 The treatment of 
[(N4Py)Fe
II
(CH3CN)](ClO4)2.2H2O with H2O2 resulted in the formation of a 
low-spin N4Py-Fe(III)-OOH species.
4
 The spectroscopic features, e.g. UV/Vis 
absorption, resonance raman and X-band ESR, of this purple intermediate were in 
good agreement with ‘activated BLM’, indicating that Fe(II)-N4Py is a good 





Figure 1 Structures of BLM (nitrogen atoms underlined are involved in iron binding), N4Py 
ligands 1 and 2. 
Following the research on catalytic oxidation with Fe(II)-N4Py complexes, the 
study of oxidative DNA cleavage by Fe(II)-N4Py complexes was initiated by the 
discovery of the high DNA cleavage efficiency of Fe(II)-1.
7,9
 It was demonstrated 
that Fe(II)-1 was capable of cleaving plasmid DNA in the absence of any additional 
reagents under aerobic conditions with a ratio of Fe(II):DNA base pairs ~ 1:15.
7,9
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With a covalently attached 9-aminoacridine (AA) moiety, Fe(II)-2 is more efficient in 
DNA cleavage than Fe(II)-1, with the capability of cleaving DNA using a ratio of 
Fe(II):DNA bp ~ 1:150 in the absence of external reducing agent. The products of 
DNA cleavage by Fe(II)-2 matched well with the products formed by Fe(II)-BLM, 
indicating that DNA cleavage by Fe(II)-2 is oxidative and not hydrolytic in nature.
7,9
 
These observations indicated that Fe(II)-N4Py is a good functional mimic of 
Fe(II)-BLM. A series of multi-topic N4Py ligands were designed and synthesized to 




The aim of the present research was to systematically evaluate the mono-nuclear 
Fe(II)-N4Py complexes as synthetic mimics of Fe(II)-BLM in oxidative DNA 
cleavage. This research focused on two themes: (i) studies on the structure, activity 
and mechanism of Fe(II)-N4Py complexes in oxidative DNA cleavage based on 
cell-free systems, including the comparison of its activity with Fe(II)-BLM; (ii) DNA 
cleavage activity of N4Py based compounds and BLM in living human cells. Their 
cell cytotoxicity was also investigated and compared. The key achievements of this 
research are surveyed below followed by some suggestions for future research. 
7.2 Effect of ligand structure on DNA cleavage activity of Fe(II)-N4Py 
complexes 
As described in Chapter 3, a series of monotopic N4Py ligands with covalently 
attached DNA-binding moiety, i.e. ammonium or 1,8-naphthalimide (NI) moieties, 
connected to the N4Py ligand via spacers of different length was designed and 
synthesized. The DNA cleavage activity of their corresponding iron(II) complexes 
was studied under standard reaction conditions and compared with iron salts, Fe(II)-1, 
Fe(II)-2, BLM and Fe-BLM. Based on statistic calculations, the DNA cleavage 
efficiency of these DNA cleaving agents were evaluated on two aspects, i.e. cleavage 
pathway (ssc vs. dsc) and cleavage rate.  
 
 
Figure 2 Mono-topic N4Py ligands 3, 4 and 5.  
It was demonstrated that structural modification of Fe(II)-N4Py complexes 
resulted in significantly different DNA cleavage behaviour in the presence of the 
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reducing agent DTT. The introduction of DNA binding moieties to Fe(II)-N4Py led 
to the significant increase of the DNA cleavage activity of Fe(II)-N4Py, which is 
attributed to the increased DNA binding affinity. The nature and number of the DNA 
binding moieties and the length of linkers, all influenced the DNA cleavage activity 
of Fe(II)-N4Py. A small amount of direct double-strand DNA cleavage was obtained 
with Fe(II)-3 and Fe(II)-4, which are the first examples of dsc with synthetic 
mononuclear iron complexes. In the absence of DTT, DNA cleavage with 
Fe(II)-N4Py complexes was much less efficient and the effect of structure on activity 
was less significant. The order of DNA cleavage activity was Fe(II)-BLM > 
Fe(II)-N4Py complexes > iron salts, both in the absence and presence of DTT. 
Considering the wealth of information about molecules capable of DNA binding 
and recognition,
13
 this concept can be further extended to develop more active 
Fe(II)-N4Py complexes capable of direct double-strand and sequence selective DNA 
cleavage.  
7.3 Reactive species in DNA cleavage with Fe(II)-N4Py complexes 
Also in Chapter 3, a series of mechanistic probes were added to the reactions to gain 
insight into the nature of the reactive oxygen species (ROS) involved in DNA 
cleavage effected by Fe(II)-N4Py complexes. Inhibition experiments with different 
ROS scavengers and Fe(II)-1 excluded the presence of ‘free’ hydroxyl radicals in 
DNA cleavage, and demonstrated the formation of superoxide. 
 
 
Scheme 1 Possible routes of the activation of molecular oxygen by Fe(II)-N4Py. 
A mechanistic proposal was put forward (Scheme 1). The first step is electron 
transfer (either inner- or outer-sphere electron transfer) of the iron(II) complex Fe-1 
to dioxygen, resulting in the formation of an iron(III) complex and a superoxide 
radical (Scheme 1a). The reaction between the iron(II) complex and superoxide gives 
rise to the formation of an iron(III)-peroxo complex (Scheme 1c), which after 
protonation results in the formation of the low spin iron(III)-hydroperoxide complex. 
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 or is the precursor for the active 
species by homolysis of the peroxide O-O bond, as was demonstrated before in 
catalytic oxidation of organic substrates.
5
 
7.4 Effect of photo irradiation on DNA cleavage with Fe(II)-N4Py 
complexes  
The photo irradiation of Fe(II) complexes of a series of mono-topic N4Py ligands at 
355, 400.8 and 473 nm induced significantly increased DNA cleavage activity under 
aerobic conditions without any external reducing agent. The characteristics of the 
observed activity of these mono-nuclear Fe(II)-N4Py complexes depended strongly 
on their structures and in particular on the chromophores that were covalently 
attached to N4Py ligand. The parent Fe(II)-N4Py complex, Fe(II)-1, that does not 
contain covalently appended chromophores, already displays significantly enhanced 
DNA cleavage activity under photo irradiation. At 355 nm, dsc was achieved with 
Fe(II)-1 and NI attached Fe(II)-N4Py complexes. With covalently attached AA, dsc 
was not observed with Fe(II)-2 but a 56-fold acceleration in ssc was achieved. At 
400.8 and 473 nm, less supercoiled DNA was cleaved with NI attached Fe(II)-N4Py 
complexes compared to Fe(II)-1 and Fe(II)-2. The negative effect of the NI moiety 
attributed to its interaction with the iron center. Also at 400.8 and 473 nm, more 
supercoiled DNA was cleaved within 60 min with Fe(II)-2 than Fe(II)-1, indicating a 
positive effect of AA moiety, which is attributed to the increased DNA binding 




) to Fe(III).  







contribute to the total DNA cleavage activity to different 
extents depending on the wavelength used. In all cases O2
•- 
plays a dominant role. It 
is proposed that O2
•-
 reacts with the Fe(II) iron complexes to give the active species 
or precursor, most likely Fe(III)-peroxo and (or) Fe(III)-hydroperoxide complexes, as 
proposed for the DNA cleavage process under ambient lighting (Scheme 1). It is 
concluded that the mechanism of the DNA cleavage process itself is not changed by 
photo irradiation. The higher DNA cleavage activity of Fe(II)-N4Py complexes under 
photo irradiation is most likely due to the increased rate of production of reactive 
oxygen species, in particular O2
•-
, which gives rise to the increased formation of the 




7.5 Unexpected effect of ROS scavengers on DNA cleavage with 
Fe(II)-N4Py and chromophores under photo irradiation  
In the research presented in Chapter 5, the DNA cleavage efficiency of Fe(II)-N4Py 
alone, Fe(II)-N4Py combined with NI and Fe(II)-N4Py combined with AA, i.e. 
without covalent attachment of chromophores to Fe(II)-N4Py, were compared with 
each other under ambient lighting and photo irradiation at 355 nm and 400.8 nm. 
Under photo irradiation at 355 nm, where NI shows a relative strong absorption, 
the DNA cleavage efficiency of Fe(II)-N4Py was increased significantly in the 
presence of 5 equiv. of NI, indicating a synergestic effect. A surprising effect of ROS 





 dramatically increased the DNA cleavage efficiency of Fe(II)-N4Py/NI. The 









from the reaction. It is 
important to note that ROS are necessary for Fe(II)-N4Py to form the active species 
in DNA cleavage and, thus, the observed DNA cleavage activity can be modulated by 
varying the ROS concentration and there should be an optimum concentration of 
ROS in the reaction solution to get the highest observed activity of Fe(II)-N4Py/NI.  
The presence of 1 and 5 equiv. of AA did not effect the observed DNA cleavage 





, the observed DNA cleavage activity of Fe(II)-N4Py/AA was also significantly 
increased, albeit less pronounced than in the case of Fe(II)-N4Py/NI. The less 
significant effect of ROS scavengers was proposed to be related to the decreased 








 due to the 





The surprising effect of ROS scavengers in DNA cleavage with Fe(II)-N4Py/NI 
and Fe(II)-N4Py/AA illustrates the complexity of the reactive species involved in the 
DNA cleavage under photo irradiation, which suggests that the analysis of the results 
of scavenging experiments should be done with care, especially in multi-components 
systems.  
7.6 Nuclear DNA cleavage activity and cell cytotoxicity of N4Py based 
compounds 
Extensive studies have been carried out on the DNA cleavage with the synthetic iron 
complexes mimicking Fe(II)-BLM in cell-free systems, using isolated plasmids. (See 
Chapter 1) However, up to date, there had been no report on their capability to induce 
nuclear DNA cleavage in cells. The research described in Chapter 6 demonstrated 
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that the treatment of cancerous SKOV-3 cells and healthy HK-2 cells with Fe(II)-1, 
ligand 5 (Figure 2) and Fe(II)-5 results in nuclear DNA cleavage as efficient as with 
BLM and Fe(II)-BLM. Higher nuclear DNA cleavage activity was observed for 
Fe(II)-1 and Fe(II)-5 compared to BLM and Fe(II)-BLM, when cancerous 
MDA-MB-231 cells were treated. These results are the first examples that 
demonstrate the nuclear DNA cleavage activity of synthetic BLM mimics, which 
underline the power of the bioinorganic modeling approach.  
Remarkably, these synthetic mimics displayed excellent selective cytotoxicity 
against cancerous SKOV-3 and MDA-MB-231 cells and healthy HK-2 cells at 10 µM 
concentration, i.e. the viability of SKOV-3 and MDA-MB-231 cells were completely 
inhibited while HK-2 cells was not affected. This was proposed to be related to the 




The studies carried out in the present thesis demonstrate that the plasmid DNA 
cleavage activity of Fe(II)-N4Py complexes can be changed by modifying their 
structures and/or employing different photo irradiation conditions. The key step in 
the DNA cleavage process was proposed to be the formation of N4Py-Fe(III)-OOH, 




, as the active species or the precursor of the active 
species. In living human cells, Fe(II)-N4Py complexes induced nuclear DNA 
cleavage as efficiently as Fe(II)-BLM. These were the first examples of synthetic 
BLM mimics capable of nuclear DNA cleavage. All the results together prove that 
Fe(II)-N4Py complexes are successful synthetic mimics of Fe(II)-BLM, both in the 
test tube and the complex intracellular environment. 
7.8 Perspectives 
In the research presented in this thesis, it was demonstrated that photo irradiation at 
355, 400.8 and 473 nm significantly increased the DNA cleavage activity of 
Fe(II)-N4Py complexes (Chapter 4). A detailed investigation on the photo activation 
of Fe(II)-N4Py complexes would extend the Fe(II)-N4Py chemistry and lead to a 
better understanding of O2 activation by non-heme iron complexes. The metal 
complexes capable of DNA cleavage without any external reagents under visible 
light irradiation are of extensive interest and importance for medicinal applications 
since the 1980s.
15
 The two-photon activation of Fe(II)-N4Py complexes will be of 
particular interest for this purpose as this will bring it in the range of the 
phototherapeutic window (600-1000 nm). 
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 It was also demonstrated that the DNA cleavage activity of Fe(II)-N4Py 
complexes can be modulated by modifying the structure, i.e. introducing different 
DNA binding moieties through different spacers (Chapter 3). This concept can be 
extended to get sequence-selective DNA cleavage, by introducing moieties capable 
of DNA binding and sequence recognition as the DNA binding part into Fe(II)-N4Py 
complexes. Extensive studies have been carried out on DNA binding and sequence 
recognition of small molecules, proteins and oligonucleotide.
13
  
Considering the high efficiency of Fe(II)-N4Py in nuclear DNA cleavage in living 
human cells (Chapter 6), the Fe(II)-N4Py complexes capable of sequence-selective 
oxidative DNA cleavage could be used in DNA mapping and foot printing in vitro. 
The research in this area would also deliver more information on DNA cleavage and 
repair mechanisms in cells. Besides the nuclear DNA cleavage, Fe(II)-N4Py 
complexes may capable of mitochondrial DNA cleavage, which would provide 
valuable insights into cellular processes as well.  
 Another exciting finding is that Fe(II)-N4Py showed selective cell cytotoxicity at 
certain concentrations, that is, the viability of cancer cells was completely inhibited 
while the normal cells were not affected. This was proposed to be the result of the 
higher levels of ROS in cancer cells (Chapter 6). Based on this hypothesis, 
controllable cell cytotoxicity of Fe(II)-N4Py complexes may be achieved by 
employing ROS regulating agents. Moreover, photo irradiation is also known to be 
capable of increase intracellular ROS levels.
16
 Considering the photo-enhanced 
plasmid DNA cleavage activity, it is of interest to investigate the effect of photo 
irradiation, especially visible light, on the nuclear DNA cleavage activity and cell 
cytotoxicity of Fe(II)-N4Py complexes.   
Based on the molecular understandings of the activity of Fe(II)-N4Py complexes, 
e.g. O2 activation pathway and DNA cleavage mechanism, the investigations on the 
intracellular activity of Fe(II)-N4Py complexes would lead to better understandings 
of processes in living cells, including DNA damage signaling and ROS signaling, 
which are of great interest and importance in cancer and aging research.
17 
 
Looking at all the possibilities mentioned above, it is envisioned that Fe(II)-N4Py 
complexes have great potential to be excellent chemical tools in the studies of 
intracellular processes involving ROS. 
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Oxidatieve DNA-Splitsing met Heemloze Ijzer Complxen 
 
 
















Bleomycins (BLM, Figuur 1) worden veel gebruikt in de klinische behandeling van 
bepaalde vormen van kanker en worden verondersteld de groei van kankercellen te 
voorkomen door het uitvoeren van oxidatieve splitsing van DNA-strengen, met 
inbegrip van zowel enkele-streng (SSC) en de dubbel-strengs DNA-splitsing (DSC). 
Op basis van de structurele kenmerken van het metaal bindingsdomein van BLM, 
werd de pentadentate ligand N,N-bis (2-pyridylmethyl)-N-bis(2-pyridyl)-methyl 
amine (N4Py, figuur 1) ontworpen en gesynthetiseerd in onze groep, in 
samenwerking met de onderzoeksgroep van prof. dr. L. Que, Jr. Fe(II)-N4Py heeft 
zich bewezen als een goede structurele en functionele imitatie van Fe(II)-BLM. 
 
Figuur 1 Structuren van BLM (de onderstreepte stikstofatomen zijn betrokken bij het binden 
van ijzer), N4Py liganden 1 en 2. 
Het doel van het huidige onderzoek was om systematisch de mono-nucleaire 
Fe(II)-N4Py complexen te evalueren als synthetische analogen van Fe(II)-BLM in 
oxidatieve DNA-splitsing. Dit onderzoek richtte zich op twee thema's: (i) studies met 
betrekking tot de structuur, de activiteit en het mechanisme van Fe(II)-N4Py 
complexen in oxidatieve DNA-splitsing op basis van cel-vrije systemen, met 
inbegrip van de activiteit in vergelijking met Fe(II)-BLM, (ii ) DNA-splitsings 
activiteit van op N4Py gebaseerde verbindingen en BLM in levende menselijke 
cellen. Ook werd de cel cytotoxiciteitvan deze verbindingen onderzocht en 
vergeleken. 
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Effect van de structuur op de DNA-splitsing activiteit van Fe(II)-N4Py 
complexen  
In het onderzoek gepresenteerd in hoofdstuk 3, werd een serie van monotopic N4Py 
liganden ontworpen met een covalent gebonden DNA-bindend gedeelte en 
vervolgens gesynthetiseerd, dat wil zeggen ammonium of 1,8-naphthalimide (NI) 
groepen, die gekoppeld zijn aan het N4Py ligand via linkers van verschillende lengte. 
Er werd aangetoond dat de structurele verandering van Fe(II)-N4Py complexen in de 
aanwezigheid van het externe reductiemiddel DTT resulteerde in een significant 
verschillend DNA-splitsingsgedrag. De introductie van DNA-binding groepen aan 
Fe(II)-N4Py heeft geleid tot een aanzienlijke toename van de 
DNA-splitsingsactiviteit van Fe(II)-N4Py, die toegeschreven wordt aan de verhoogde 
DNA bindingsaffiniteit. De aard en het aantal DNA-bindingsgroepen en de lengte 
van de linkers hebben allemaal invloed op de DNA-splitsing activiteit van 
Fe(II)-N4Py. In de afwezigheid van DTT was de DNA-splitsing met Fe(II)-N4Py 
complexen veel minder efficiënt en was het effect van de structuur op de activiteit 
minder groot. 
Reactieve species in DNA-splitsing met Fe(II)-N4Py complexen  
In het onderzoek gepresenteerd in hoofdstuk 3, werd een reeks van mechanistische 
probes toegevoegd aan de DNA-splitsingsreacties om inzicht te krijgen in de aard 
van de reactieve zuurstof deeltjes (ROS) die betrokken zijn bij de DNA-splitsing 
door Fe(II)-N4Py complexen. Inhibitie experimenten met verschillende 
ROS-scavengers en Fe(II)-1 sloten de aanwezigheid van 'vrije' hydroxyl radicalen in 
DNA-splitsing uit en toonden de vorming van superoxide aan. 
 
 
Schema 1 Mogelijke routes voor de activering van moleculaire zuurstof door Fe(II)-N4Py. 
Er werd een mechanisme voorgesteld (Schema 1). De eerste stap is electron 
transfer (hetzij binnenste of buitenste schil elektron overdracht) van het ijzer(II) 
complex Fe-1 naar dizuurstof, wat resulteert in de vorming van een ijzer(III) 
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complex en een superoxide radicaal (Schema 1a). De reactie tussen het ijzer(II) 
complex en superoxide geeft aanleiding tot de vorming van een ijzer(III)-peroxo 
complex (Schema 1c), dat na protonering resulteert in de vorming van de lage 
spin-ijzer (III)-hydroperoxide complex. Deze verbinding fungeert als ofwel het 





('geactiveerd bleomycine'), of is de precursor voor de actieve specie door homolyse 
van de peroxide O-O binding zoals eerder was aangetoond in de katalytische oxidatie 
van organische substraten. 
Effect van de bestraling met licht op DNA-splitsing met Fe(II)-N4Py 
complexen  
Het onderzoek beschreven in hoofdstuk 4 toonde aan dat bestraling van Fe(II) 
complexen van een serie van mono-topic N4Py liganden met licht van 355, 400.8 en 
473 nm een aanzienlijke toename van de DNA-splitsing activiteit onder aërobe 
omstandigheden veroorzaakt, zonder extern reductiemiddel. De kenmerken van de 
waargenomen activiteit van deze mono-nucleaire Fe(II)-N4Py complexen zijn sterk 
afhankelijk van de structuren en in het bijzonder van de chromoforen die covalent 
zijn gekoppeld aan de N4Py liganden. 






 bijdragen aan de door het 
licht versterkte DNA-splitsingsactiviteit en dat hun relatieve bijdrage afhankelijk van 
de golflengte. Voorgesteld wordt dat de toename van de activiteit wordt veroorzaakt 
door de door bestraling met licht versterkte vorming van een Fe(III)-OOH 
intermediair als het actieve deeltje of precursor, zoals voorgesteld is voor het 
DNA-splitsing proces in omgevingslicht (Schema 1). 
Onverwacht effect van de ROS scavengers op DNA-splitsing met Fe(II)-1 en 
chromoforen onder bestraling met licht 
In het onderzoek gepresenteerd in hoofdstuk 5, werden de DNA-splitsing efficiënties 
van Fe(II)-1, Fe(II)-1 gecombineerd met NI en Fe(II)-1 gecombineerd met 9-amino 
acridine (AA), met elkaar vergeleken onder omgevingslicht of onder bestraling met 
licht bij 355 nm en 400.8 nm, onder aërobe omstandigheden zonder extern 
reductiemiddel. 
Terwijl in de meeste gevallen geen synergetisch effect van de toegevoegde 
chromoforen op de DNA-splitsingsefficientie werd waargenomen, bleek dat voor de 
Fe(II)-N4Py, in combinatie met de NI onder bestraling bij 355 nm, de 
DNA-splitsingsactiviteit werd verhoogd. Verrassend genoeg bleek dat toevoeging 
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van ROS scavengers aanleiding gaf tot een aanzienlijk hogere 
DNA-splitsingsefficiëntie. Dit is een zeer contra-intuïtieve observatie, omdat ROS 
nodig zijn om DNA-splitsing te bereiken. Een hypothese is opgesteld om deze 
resultaten, althans gedeeltelijk, uit te leggen. Voorgesteld wordt dat de toevoeging 









 en Fe(III)-N4Py efficiënter wordt. Dit resulteert in 
de reductie van het Fe(III)-N4Py tot Fe(II)-N4Py, dat na reactie met ROS aanleiding 
geeft tot DNA-splitsing. 
Het verrassende effect van de ROS scavengers in de DNA-splitsing met 
Fe(II)-N4Py/NI en Fe(II)-N4Py/AA illustreert de complexiteit van de reactieve 
deeltjes die betrokken zijn bij de DNA-splitsing onder bestraling met licht, hetgeen 
suggereert dat de resultaten van de scavaging experimenten zorgvuldig geanalyseerd 
moeten worden, vooral in systemen met meerdere componenten. 
Nucleaire DNA-splitsingsactiviteit en cel cytotoxiciteit van op N4Py gebaseerde 
verbindingen 
Het onderzoek beschreven in hoofdstuk 6 toonde aan dat de behandeling van kanker 
SKOV-3-kankercellen en gezonde HK-2 cellen met op N4Py gebaseerde reagentia 
resulteert in een nucleaire DNA-splitsing die net zo efficiënt is als met BLM en 
Fe(II)-BLM. Deze resultaten zijn de eerste voorbeelden die de nucleaire 
DNA-splitsingsactiviteiten van synthetische BLM analogen nabootsten, wat de 
kracht van de bioanorganisch modeleeraanpak benadrukt. 
Opmerkelijk is dat deze synthetische analogen voortreffelijke selectieve 
cytotoxiciteit laten zien tegen SKOV-3 en MDA-MB-231 kankercellen en gezonde 
HK-2-cellen bij 10 uM concentratie, dat wil zeggen dat de levensvatbaarheid van 
SKOV-3 en MDA-MB-231 cellen volledig geremd werd, terwijl HK-2-cellen niet 
beïnvloed werden. Dit zou gerelateerd kunnen zijn aan de hogere niveaus van ROS in 
kankercellen. 
Conclusies 
De studies in dit proefschrift toonden aan dat de plasmide DNA-splitsingsactiviteit 
van Fe(II)-N4Py complexen kan worden gewijzigd door verandering van de 
structuren en/of gebruik van verschillende lichtbestraling condities. Als belangrijkste 
stap in het DNA-splitsingsproces werd voorgesteld dat de vorming van 




, het directe actieve deeltje 
of de precursor van het directe actieve deeltje is. In levende menselijke cellen 
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induceerden Fe(II)-N4Py complexen nucleaire DNA-splitsing net zo efficiënt als 
Fe(II)-BLM. Hiermee zijn Fe(II)-N4Py complexen de eerste voorbeelden van 
synthetische BLM analogen die tot nucleaire DNA-splitsing in staat zijn. Alle 
resultaten bij elkaar bewezen dat Fe(II)-N4Py complexen succesvol zijn als 
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